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Abstract
The adjacent cities of El Paso-Juárez, located in the Rio Grande Rift Valley and surrounded
by complex mountainous terrain, have undergone rapid urbanization and industrial growth in the
last few decades, accompanied by increasing substandard air quality episodes. Although numerous
air quality studies were conducted in this semi-arid region in the past, none focused extensively on
the Planetary Boundary Layer (PBL) contribution and impact on air pollutant concentrations. In
this work, both the high and low ozone episodes from 2015 to 2020 were examined. Both modeling
and experimental data of the PBL height (PBLH) were obtained and related to atmospheric
stability. Aerosol backscattered data from a network of ceilometers were used to monitor and
continuously measure the aerosol-layer characteristics. PBLH of 2700 ± 250 m was frequently
observed during the summer, with occasional extraordinarily high PBLH (3780 ± 250 m) days.
Out of 29 high ozone events during the study period where ceilometer PBLH were analyzed, 23
events had shallow daytime PBLH indicating less volume for pollution dispersion. Synoptic scale
analysis of these events supported this claim and revealed an anticyclonic circulation aloft
associated with a middle and upper tropospheric high-pressure system centered within 750 km of
this region. The resultant significant scale subsidence strengthened the temperature inversion
capping the PBL growth, thus trapping the pollutants. A comprehensive case study of the 2017
consecutive high and low ozone episodes provided a better understanding of meteorology and PBL
in regional pollution events. During the entire study, the ceilometer also captured several
occurrences of virga events (a phenomenon within the PBL) in this region, and a simple method
of virga detection is proposed. All the observed virga events occurred in Fall and Winter months
with favorable dry climatic conditions.
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Chapter 1: Introduction
In the modern world, air pollution is one of the most significant environmental health
threats, affecting the lives of millions of people around the globe every year. Both acute and
chronic exposure to bad air quality results in several diseases, ranging from respiratory problems
such as asthma, cardiac, and pulmonary diseases to residents of substantial metropolitans
throughout the world (Gent et al., 2009; Gold and Wright, 2005; Nuvolone, Petri, and Voller, 2018;
Zora et al., 2013). Ozone produced on the earth's surface due to photochemical reactions is one of
the most common air pollutants globally. It causes substantial damage to delicate plants by
oxidizing their tissues during the respiration process. Human health is also adversely affected by
ozone and particulate matter (PM10, particulate matter with an aerodynamic diameter of 10 µm or
less, PM2.5, particulate matter with an aerodynamic diameter of 2.5 µm or less) (Stewart et al.,
2017). In 2019, the World Health Organization (WHO) rated air pollution as the most significant
environmental risk to human health, accounting for millions of deaths across the planet
(who.int/health-topics/air-pollution). The same report underscored that 9 out of 10 global citizens
are exposed to bad air quality exceeding acceptable levels. Ever-growing concentrations of these
pollutants (ozone and PM) in the lower troposphere affect numerous major metropolitan cities in
the United States (US), and the El Paso–Juárez airshed is not an exception.
El Paso (latitude: 31047′20"; longitude: −106025′20"; elevation: 1145 m a.s.l.) is a city in
the far west corner of Texas, separated by the Rio Grande River from the Mexican city of Juárez,
one of the most populous cities in Chihuahua, Mexico, and the Chihuahua desert. It is part of a
transborder agglomeration called Paso del Norte (PdN), one of the world's largest international
cross border regions along the US-Mexico border. As seen in Figure 1, PdN involves six counties,
El Paso and Hudspeth in Texas, Otero, Dona Ana, Luna in New Mexico, and Municipality of
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Ciudad Juárez in Chihuahua, Mexico. Like any other US-Mexican border communities, El PasoJuárez (EPJ) is undergoing rapid urbanization with over 2 million people. According to a report
published by the Federal Reserve Bank of Dallas, in 2015 and 2016, El Paso's job growth
outperformed Texas, especially its service sector, due to the growing goods manufacturing sector
in Ciudad Juárez's industrial region (dallasfed.org/research). In the last two decades, both cities
have expanded exponentially, but their air quality has worsened at the same time. They both share
the same airshed, the El Paso–Juárez airshed (EPJA), and in the past, have violated air quality
standards for ground-level ozone and PM as per the National Ambient Air Quality Standards
(NAAQS) set by the United States Environmental Protection Agency (EPA). In 2020 (report) by
BuyAutoInsurance.com based on the 2018 EPA’s database, El Paso was ranked number 4 amongst
the top mid-size metros and 19th amongst 300 major cities in the United States, indicating its
growing substandard air quality.
The El Paso climate is semi-arid and is characteristic of the urban southwestern US climate.
There are no significant metropolitans in 500 miles radius from the EPJ, thus making it a good test
subject for air quality studies. The air quality problem of this region is partially due to contributions
from industrial activities in the region and high automobile emissions from persistent traffic
congestion across the international bridges between the two countries (Karle et al., 2020; Medina,
Fitzgerald, and Min, 2012; Pearson and Fitzgerald, 2001; Shi, Fernando, and Yang, 2009) along
with complex topography and prevailing meteorological conditions. Substandard air quality issues
are still affecting this border region and will be a growing concern, especially with the rapid
industrial and infrastructural growth that is taking place in the EPJ region. Also, EPJ being an
international border region, chalking out an international policy regarding the transport of
pollutants across the border is a dilemma for both countries' environmental agencies. Hence,
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understanding the prominent factors influencing the EPJA's high pollution events can help the US
state and local environmental agencies draft and implement successful regulations and mitigation
policies.

Figure 1. Paso del Norte region is a cluster of six counties, three in New Mexico, two in Texas,
and one in Chihuahua. (Figure adaptation from helathypasodelnorte.org)
1.1 REGIONAL MAJOR POLLUTANTS: SURFACE OZONE AND PARTICULATE MATTER
The tropospheric formation of ozone and aerosols share much of the same physics and
chemistry. Ozone is formed through photochemical reactions of the nitrogen oxides (NOx = NO +
NO2) and volatile organic compounds (VOCs) (Stockwell et al., 2011). These reactions produce
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atmospheric acids, such as nitric acid, sulfuric acid, and organic acids, essential aerosol precursors
(Stewart et al., 2019). Ozone may react with organic compounds, such as isoprene and other
alkenes, to produce organic compounds with low volatility condense to produce a secondary
organic aerosol (SOA) (Stockwell et al., 2020). Chemical reaction mechanisms involving ozone
convert nitrogenous compounds to nitric acid and produce SOA precursors during the daytime
(Goliff et al., 2015; Stockwell et al., 2020). In turn, there are aerosol particles that affect the gasphase chemistry of ozone formation. For example, aerosol particles scatter solar radiation,
affecting the frequencies of the photolysis reactions (Kim et al., 2007). Aerosol particles are sinks
of gas-phase species (Saylor, 1997).
In the EPJA, higher ozone concentrations occur during the summer, and higher PM2.5 and
PM10 concentrations occur during the periods of thermal inversions and dust storm events. The
ozone season in the EPJA starts from May and continues till mid-September.

Figure 2 and

Figure 3 provide a daily air quality index (AQI) values with 20-year high and low ozone
levels and a five-year average of ozone levels for El Paso, Texas. It is a combined data of all active
air quality monitoring stations across the city; more related information is shared in the following
chapter. Between 2000-2010, this region experienced its worst air quality in terms of ozone and
pm events. Several of these high pollution events were also studied in great detail by various
research agencies. A majority of the air quality monitoring stations in the city are located along
the US-Mexico border. The unavailability of reliable air quality data from across the border puts
a compulsion on this study to assume the air quality to be comparable to what is measured in El
Paso, if no better, since both the cities share a common airshed (Karle et al., 2020).
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Figure 2. Ozone daily AQI values with 20-year high and low (2000-19) and the five-year
average (2015-19) for El Paso, Texas.

Figure 3. PM2.5 daily AQI values with 20-year high and low (2000-19) and the five-year
average (2015-19) for El Paso, Texas.
The formation of particulate matter, ozone, and precursors is influenced by their
concentrations in the planetary boundary layer (PBL). Moreover, these concentrations are altered
by the atmospheric mixing layer height, which is a function of the planetary boundary layer height.
Higher the PBL height (PBLH) is the volume available for the pollutant dispersion, assuming that
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the emissions are constant. The geopolitical region of EPJ exhibits exceptional meteorological
conditions, such as higher planetary boundary layer heights, than any other Texas city, influenced
by the local complex topography and meteorology (MacDonald et al., 2001). Since much of the
atmospheric chemistry occurs in this layer, a thorough examination can offer helpful information
for the local population's health, safety, and mitigation.

1.2 PLANETARY BOUNDARY LAYER STRUCTURE
The troposphere is the lowest part of our atmosphere, stretching up to 12 km on average
from Earth's surface. It can be around 9 km in the polar regions and greater than 16 km in the
tropics (Lutgens et al., 2019). The planetary boundary layer (PBL) is the lower part of the
troposphere adjoining the Earth's surface and is considerably influenced by its presence. The
remaining part of the troposphere is called the free atmosphere. Due to its immediate vicinity with
the Earth's surface, PBL substantially reacts to the exchange of momentum, heat transfer, pollution
emission, and another surface forcing in a timescale of an hour or less (Stull, 1988). In general,
contamination due to aerosols is an integral part of the PBL since it has a higher concentration of
water vapor, particulates, and most trace chemical species than the free atmosphere above. Hence
it is the most studied part of the lower atmosphere (Kovalev and Eichinger, 2014).
PBL depth is a function of surface heating and cooling and responds to this diurnal cycle
in an hour or so during fair weather conditions (Arya, 2001). It varies from location, season,
weather, time of the day and can range from tens of meters to few kilometers above the ground
level. The surface roughness and complex terrain play a significant role in the alteration of the
PBL depth. In addition, large-scale meteorological phenomena such as synoptic and mesoscale
passage also result in temporal variations in the PBL height (PBLH). The PBL depth determines
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the finite but varying volume of air available for the dispersion of pollutants. Thus, for
understanding the significance of the PBL in this research, it is essential to know different layers
within the PBL.

1.2.1 Different Significant Layers within the PBL
The daily structure of the PBL can be distinguished into different phases and layers: the
daytime convective boundary layer (CBL), the nocturnal or stable boundary layer (NBL/SBL),
and the residual layer (RL), as seen in Figure 4. A well-mixed boundary layer tends to form during
the daytime on a fair-weather clear sky condition and with no precipitation. This layer is called the
CBL or mixed boundary layer (MBL) since the particles in this layer mix well because of
mechanical and convective thermal forces generated due to heat transfer from the Earth's surface.
During a strong convective day, a strong MBL evolves, leading to dispersion of the pollutants and
lowering its concentration. On the other hand, the NBL is a stable layer of air that often happens
at night when there is a temperature inversion because of infrared radiative cooling of the surface.
With the absence of strong winds at nighttime, pollutants tend to get stuck to a given region due
to lack of dispersion. The following day after sunrise, NBL dissolves when solar heating causes
unstable convective conditions in the morning and afternoon, leading to the development of the
CBL. Daytime CBL is often turbulent and is capped by a statically stable layer called the
entrainment zone. On cloudy days when solar heating is insufficient to produce strong convection,
the nocturnal boundary layer can stay during the daytime, leading to bad air quality events. The
RL is the layer which is disconnected during the transition from daytime CBL to the development
of the NBL.

7

Figure 4. A typical boundary layer structure over the day clear day. The figure is taken from
(Stull 2016), page no. 692
Continuous estimation of the PBLHs is significant for air quality management and accurate
forecasting of weather and climate. Strong turbulence arising from atmospheric instability during
the daytime allows for the dispersion of natural and anthropogenic emissions via mixing. However,
the SBL can stagnate the pollutants and increase their concentration. It results in unhealthy high
pollution events, proving fatal to sensitive groups in the local population. Much of the ground level
and near-ground atmospheric processes in the PBL and emissions from pollutants greatly influence
society and the environment (Emeis, 2011b). Thus, it is critical to study the evolution of the PBL
structure for this region and understand its role in the formation, development, maintenance, and
dispersion of air pollution in EPJA.
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1.3 COMPLEX REGIONAL TOPOGRAPHY
Multiple human civilizations settled in the mountainous regions for commercial, strategic,
historical, or diplomatic reasons. A study conducted in 2000 estimated that about 720 million
people (12% of the world population) lived in mountainous areas around the globe (Karle and
Kolwankar, 2015; Kolwankar and Karle, 2014; Huddleston et al., 2003). Hence naturally, it is
crucial to comprehend the formation and distribution of pollutants in mountainous territories. The
history of pollution episodes shows that many notably polluted locations are in valleys, mountain
basins, or topographically constrained coastal plains (Steyn et al., 2013; Hallar et al., 2021).
Overall, complex landscapes, be it a valley, land-coastal interface, or mountainous regions, assist
pollution accumulation or transport by creating regional flow patterns and circulation systems.
The city of El Paso is at the western tip of the state of Texas. It is located at a strategic
mountain pass location which the Spanish explorers referred to as "El Paso del Norte." To its south,
it shares the international border with Ciudad Juárez, a major city in the Mexican state of
Chihuahua, and to the north, it shares the boundary with the state of New Mexico. The Rio Grande
River, which originates in the high mountains of Colorado, courses its way to the Gulf of Mexico
through El Paso-Juárez, separating the two cities. The local topography in this region is a complex
terrain as mountain ranges surround it both to the northeast and southwest of the central El PasoJuárez downtown area (Karle et al., 2020). A significant portion of EPJ downtown and nearby
surrounding areas are situated in a central valley, as shown in Figure 5. The downtown central
valley located at the foothills of the mountains is lower in elevation than its adjacent surroundings
and with uneven surfaces. The majority of concrete urban infrastructures and the campus of the
University of Texas at El Paso (UTEP) are located in this part of the city.
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Figure 5: Complex topography of El Paso Juárez downtown region using ArcGIS.

1.4 LITERATURE REVIEW
Ozone, its precursors (NOx and Volatile Organic Compounds), and particulate matter (PM)
are some of the major pollutants in the El Paso-Juárez airshed (D Lu et al., 2011; D Lu et al., 2008).
Both the cities have been in non-compliance with the National Ambient Air Quality Standards
(NAAQS) for ozone exceedances in the past (Pearson and Fitzgerald, 2001). The ozone season for
this region starts from May until the last week of October (tceq.texas.gov). During this season, El
Paso-Juárez experiences high levels of surface ozone. The complex regional terrain accompanied
by elevated desert terrain has been mentioned in several important reports and studies (Einfeld and
Church, 1995; Karle et al., 2018; Mahmud et al., 2020). However, its contribution to local air
pollution events is yet to be investigated extensively.
In the past, several studies were conducted in this airshed throughout the summer to
quantify the air quality and meteorological parameters contributing to the regional ozone episodes
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(E. M. Fujita, 2001; MacDonald et al., 2001; Seila et al., 2001). Most of this work was focused on
ozone and its precursor measurements. The PBLH or mixing height (MH) is a significant factor in
air pollution studies since it determines the volume available to disperse surface pollutants (Seibert
et al., 2000). Despite its importance, no comprehensive PBL studies were made for this region in
the past. Some of the earlier stated studies indicated that very high PBLHs were observed during
the high ozone events. A further study was conducted by Michael Brown et al. to determine the
PBL using Higher-Order Turbulence Model for Atmospheric Circulation (HOTMAC) model
during the ozone study period 1996, provided some information on the regional PBL structure
(Brown et al., 2001). Another brief PBL study was conducted by Micheal Hicks et al. using the
radiosonde data from the nearest National Weather Service (NWS) at Santa Teresa and ceilometer
located at UTEP (Hicks et al., 2019). However, both the PBL research results were inadequate due
to their brief study intervals. Recent ozone sonde studies (2017-18, 2020) in this area observed
PBLHs as high as 4 km during the late afternoon when the average temperature in the region is at
its peak during the summer months. It agreed with the observations made during the 1996 ozone
campaign. These PBLH observations were unusually high compared to most studied regions and
needed a thorough investigation. A particular seasonal pattern of the regional PBL structure will
provide much-needed information on how the PBLH varies seasonally and which months are
relatively high and low. This information of the seasonal PBL patterns can improve the efficiency
of the regional air quality models and forecasting.

1.5 RESEARCH PROBLEMS AND PROPOSED STUDY APPROACH
The past studies in this region answered some questions and revealed several questions that
needed answers. A combination of experimental and modeled approaches was adopted to answer
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these questions. Following are the research questions that were unanswered in the previous
research in this region.
Q. What is the impact of complex topography on regional high pollution days?
Analyzing numerous high pollution days using ground-based datasets, satellite data
retrievals, and weather prediction models can answer this question. In addition, local circulations
can be studied using the wind patterns from the stations in the vicinity of the mountain and the
valley. Backward HYSPLIT wind trajectories can provide more information on the near-surface
wind flow patterns during highly polluted and clean days.
Q. What is the seasonal PBL structure for this region?
Long-term data analysis of the aerosol layer using ceilometer aerosol backscattering
profiles and PBLH obtained using models can provide the necessary information on the seasonal
PBL structure for EPJA. Also, both the experimental and modeled PBL information can be
intercompared to enhance our understanding of the PBL. The results can provide a better
understanding of the impact of the PBL on seasonal pollution events.
Q. How does it influence the pollution episodes?
Pollution levels at the surface vary with the varying PBL heights, especially in the urban
region, where the emissions levels are also high due to various sources. Consecutive high and low
pollution episodes can be used as a case study, revealing good information to determine the answer
to the question after thorough analysis.
Q. Do we observe high PBLHs during the peak summer days?
Both observed and modeled PBLH values can be analyzed for the extremely high
temperature and clear sky days and various synoptic and mesoscale events of the year, answering
the question.

12

Q. How does synoptic scale meteorology play a role in affecting the regional ozone
episodes?
Large-scale meteorological events can bring about sudden changes in the circulation
pattern as well as frontal changes. They will also affect the growth rate and depth of the PBL.
Using synoptic and mesoscale weather maps at different levels, including the surface, can reveal
a lot more information which can assist in answering the question.
Q. How does the wind pattern look like during the high ozone episodes?
Wind data from the local ground stations can be used to express winds in wind roses and
hodographs. A repeated long-term analysis covering many ozone events will undoubtedly provide
the wind pattern during the high and low pollution events.
1.6 OVERVIEW OF THE DISSERTATION
Following this introduction, chapter 2 summarizes the methodology and data collection
relevant to the work in this dissertation, emphasizing the ceilometers, models, and various other
datasets and their sources used during this research. Chapter 3 presents the complex topography
of this region and how it leads to local circulations and assists in the stagnation of pollutants and
their precursors. Chapter 4 describes the extensive study done using experimental and modeled
PBLH values to obtain the seasonal PBL structure for EPJA. Intercomparison between
experimental and modeled PBLH is also presented. Chapter 5 focuses on a case study conducted
in 2017 on four consecutive high ozone and three consecutive low ozone episodes. This work is
the first systematic and rigorous PBLH analysis performed during the ozone episodes in the ELP–
CDJ region made using the ceilometer aerosol backscattering and numerical modeling. Chapter 6
presents a study of a dry microburst, popularly known as virga. This chapter describes the novel
and simple method of virga detection in this region using a combination of backscatter profiles
13

from ceilometer, vertical soundings, regional weather radar, and local ground air monitoring
stations. Chapter 7 illustrates the synoptic and mesoscale studies and observations during the high
and low ozone episodes in the EPJA. Finally, chapter 8 summarizes the conclusions drawn from
this research work and discusses the future work that will be carried out.
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Chapter 2: Methodology and Data Collection
In this research, various datasets are used to conduct a thorough analysis and consolidate
observations and scientific claims to build a substantial research study. For the in-depth
examination of the PBL, vertical measurements of temperature, humidity and wind are required
from radiosonde launches, aircraft, or tethered balloons. However, they are inadequate due to
limited access and resolution but still can be used as the reference. Hence, to comprehend the
seasonal PBL structure for this complex terrain, a combination of remote sensing instruments
(ceilometers), soundings (ozone and radiosondes), and models (HYSPLIT and WRF) were used.
For examining the regional pollution episodes, hourly meteorological and pollutant concentration
measurements from the in-situ instruments at the Continuous Ambient Air Monitoring Stations
(CAMS) from across the region were also analyzed. The satellite database also obtained
measurements of the atmospheric composition directly connected with the air quality and
meteorological parameters for the PdN region. All of this is discussed in detail in the following
sections.

2.1 Vaisala Ceilometers
Precise estimation of the PBLH is imperative for air quality modeling and forecasting.
Standard methods of the PBL measurements include vertical profiles from radiosondes and
tethered balloons. However, unless it is a particular field campaign, radiosondes are launched only
twice a day, and ozone sondes data are scarce. Conventional vertical profiles from radiosondes are
available only twice a day at 00 Z and 1200 Z; The resolution of these profiles may not be adequate
to capture the gradient in the three parameters as mentioned earlier. Also, depending on the
location and time ozone, the launch time of the radiosondes might not be able to cover the critical
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development of the PBL. Hence it is a necessity to have a continuous PBL monitoring mechanism.
Ceilometers, a mini-LIDAR, serve that purpose well. They are low-cost instruments that help in
estimating the PBLH using the aerosol backscattering profiles.
Vaisala Oyj is a Finnish company known for its various products and services for
environmental studies and measurements. Over the years, the company has produced several
research-grade ceilometers such as CT25K, CT75K, CL31, and CL51. Initially, ceilometers were
exclusively used for monitoring cloud base height and vertical visibility, especially at airports. In
the last two decades, ceilometers found an extended application of retrieval of aerosol properties.
However, since they function only in one elastic channel, they could not explore in detail various
aerosol-related parameters other than the PBL, which turned out to be the most practical and
realistic.
Two of the Vaisala ceilometers models, CL31 and CL51, were used to monitor the aerosol
layer in this region. The Vaisala ceilometer CL31, as seen in Figure 6, is an eye-safe single-lens
mini-lidar system used to detect cloud base heights and vertical visibility by continuously
monitoring the aerosol backscatter profiles at a wavelength of 910 ± 10 nm (infrared light). These
profiles can also be used for determining the convective MLH (Münkel et al., 2007). The laser is
an InGaAs MOCVD diode with a pulse frequency of 10 kHz, and the measurement range is from
0 - 7.7 km. The typical uncertainty of the attenuation of the backscatter coefficient for ~ 30 min
average duration is ± 20%, and the changeover aerosol backscattering MLH determination for ~
30 mins is ± 200 m (Tsaknakis et al. 2011a). Ceilometer CL31 located at the UTEP campus has
been used to estimate the aerosol MLH, a proxy of PBLH (Compton et al., 2013; Hicks, Sakai,
and Joseph, 2015). It performs well in situations such as dust storms and shallow nocturnal layers.
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The instrument has been operational since 2015 and collecting data. Details of the instrument and
its functionality can be found in (Münkel et al., 2007).

Figure 6. The Vaisala ceilometer CL31 is located on the roof of the Physical Science building,
UTEP.
In 2020, a new CL51 was purchased, and the previous CL31 I replaced at UTEP. CL51, as
seen in Figure 7 below, is capable of vertical measurements of clouds and aerosol layers up to
15,400 m with a 10-m resolution. Like the CL31, the diode-laser technology used in CL51 is a
semiconductor InGaAs diode laser with a 910 ± 10 nm wavelength. However, the CL51 has a
powerful laser with a pulse energy of 3.0 µJ, higher than CL31’s 1.2 µJ and the pulse frequency is
6.5 kHz. Also, the single-lens optics enables the instrument to detect anomalies in a measurement
range approximately 50 m above the ground surface. In both cases, the recorded signals were
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integrated over 15 s and were stored on a local computer every 16 s. The newly installed CL51 at
UTEP became fully operational in August of 2020.

Figure 7. The new Vaisala ceilometer CL51 located on the roof of the Physical Science building
at UTEP
2.1.1 PBL Detection Using Ceilometer
PBL contains most of the atmosphere's aerosols emitted from the earth's surface due to
various activities. Hence, the backscatter signal is significantly more robust in the PBL and weaker
in the free atmosphere, where the atmosphere typically has fewer aerosol particles. All the
algorithms concerning the PBLH detection detect the first significant decrease in return backscatter
intensity between the PBL topmost part and free atmosphere. The PBLH reported by this method
reports the top of the aerosol layer closest to the ground level, which can be considered the proxy
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of the PBL. However, higher aerosol layers are disregarded, and the estimated PBLH may or may
not match the temperature inversion height (Hey, 2015). The intensity of the return signal can also
reveal other atmospheric structures, such as RLs and elevated smoke or aerosol plumes that may
produce strong backscatter gradients (see the Vaisala BL-view user manual for details). Several
vertical and temporal averaging is performed on the ceilometer data to reduce the sensitivity to
noise and brief details in atmospheric structure, both by the instrument and the processing
software.
A Vaisala ceilometer sends out short (110 ns) laser pulses in a vertical direction, based on
the angle of tilt of the transmitter unit. The vertically emitted laser pulse interacts with light
reflection from atmospheric components such as haze, fog, mist, precipitation, aerosols, and
clouds. After the interaction, the pulse (a portion of it) is returned towards the transmitter. The
time delay between the launch of a laser pulse and its detection indicates the cloud-base height.
This returned signal is the backscattered signal, which has information of its various interactions
in the sky. This backscatter profile, the signal strength versus the height, is later stored and
processed using specified algorithms that assist in detecting up to three aerosol layer heights, which
are considered a proxy of the PBLH by applying various gradient methods using Vaisala
postprocessing software, BL-view.

2.1.2 PBLH Calculation Algorithms
There are various methods available for determining the mixing layer height or the PBL.
All the methods look for the gradient of the aerosol backscattering signal. While determining the
PBL, the ceilometer assumes that the aerosol density is much higher within the PBL than the free
atmosphere. Gradient methods work well for the PBLH determination with low-power ceilometers
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using the postprocessing software than variance methods. The data's requirements regarding
temporal resolution and signal-to-noise ratio (SNR) are less stringent in gradient methods than the
variance method. This project's PBLH calculations were based on the combined gradient and
idealized backscattering methods, including a cloud and precipitation filter. In this particular
method, high-intensity signals from both clouds and precipitation are identified and excluded from
the averaging process before applying the gradient method.
The default algorithm determines the PBLH by fitting an idealized backscatter profile to
observed range-corrected aerosol backscatter profiles. Clouds and precipitation produce
backscattering profiles that deviate substantially from an idealized profile, which results in poor
MLH estimates. The algorithm can produce accurate retrievals even if the backscatter profile
deviates significantly from the idealized profile. When a ceilometer detects multiple aerosol layers,
the algorithm attributes one aerosol layer as the mixing height. When multiple aerosol layers are
present, the lowest layer is a reasonable first guess for attributing one of these layers as the mixing
height (BL-view User manual).
A series of studies in the past involving Vaisala ceilometer CL31 (Münkel and Roininen,
2010; Seibert et al., 2000) has concluded that the ceilometer does a great job of tracing the
evolution of the convective boundary layer when the backscattering aerosols are well dispersed.
However, it has also been noted that accurate PBLH detection from the CL31 is difficult when the
background noise levels are very high due to the low-power laser used in the instrument (Emeis,
2011b, 2011a). To rectify the background noise, both temporal and special averaging are done at
the instrument level (firmware) and the data processing software level (BL-view). Internal
averaging is done at the firmware level, and depending on the firmware, the averaging, which is a
function of a range of the instrument and the reporting interval, varies (Kotthaus et al., 2016).
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Currently, both the ceilometers CL-UTEP and CL-Soc are running firmware version 2.027. In the
Vaisala ceilometer CL31 firmware versions below 1.72 and 2.01 and 2.02, the internal averaging
of the reporting interval is not consistent throughout the entire range of the instrument. Further
details of this can be found out in the work of (Kotthaus et al., 2016).

2.1.3 Improvement in BL-view PBL Detection Using Averaging Techniques
Dealing with constant background noise is not easy, and various methods are used to deal
with it — one of the popular methods being the moving or the rolling average. A moving average
method is popularly used in data analysis to filter out the random noise in the data. In the algorithm
developed for this project, a specific spatial and temporal step was selected to follow the BL-view
software data processing trend. The moving average, in this case, helps in calculating the
arithmetic mean of the range of the backscatter intensity over a number (n) of the time steps.
Moving Average (MA) =

!! "!" "!# "⋯"!$
$

Where R = average in period n; n = number of time steps.
The MA block in MATLAB computes the moving average of the input signal (spatial and
temporal aerosol backscatter intensities) along each channel independently over time. The sliding
window method, also known as the exponential weighting method, is the most popular method
used by the block to compute the MA. In this method, a window of specified length moves over
the data sample by sample. The block simultaneously computes the average over the data in the
window. The resultant output for each input sample is the average of the current sample and the L
-1 previous sample. L is the length of the window. The algorithm computes the L-1 value by filling
the window with zeros when there is insufficient data available. For example, to compute the
average when the second input sample comes in, the algorithm fills the L-2 zeros window. The
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data vector, x, is then the two data samples followed by L-2 zeros (refer to MathWorks
Documentation for more details).
A ceilometer uses atmospheric aerosols as a tracer for the determination of the boundary
layer dynamics. The BL-view software uses the backscatter profile data from the ceilometer with
preset default parameters (many of which are still unknown to users) to determine the PBLH and
other boundary layer structures such as the SBL or NBL and RL heights. At night, the RL from
the daytime CBL may persist over a newly developed SBL closer to Earth's surface. BL-view does
not detect the formation of the near-surface SBL with the existing default parameters. This study
developed an alternative rolling average algorithm that helps to improve the boundary layer
detection, especially the stable boundary layer using the existing BL-view parameters. As seen in
Figure 8, the default backscattering profile provided by the BL-view (top) and the improvements
(bottom left and right) in the stable boundary layer detection (00 to 1200 UTC on the time scale)
after each iteration of the rolling average. In this manner, the detection of the RL is enhanced.
There is a limit (both spatial and temporal) to which this averaging process can be implemented
without losing much information from the initial default profile. A significant drawback of this
average rolling algorithm beyond a specific limit is that it will significantly alter the signal shorter
than the defined window length. This technique can lead to some unexpected artifacts; however,
during the processing of the raw ceilometer data, proper precautions were taken to ensure that no
data is altered and the PBLH hence calculated is in proper compliance with the one derived using
the negative gradient.
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Figure 8. Default BL-view backscatter profile (top) with minimum/no precise detection of the
stable boundary layer (bottom left and right) improves the stable boundary layer
detection after the rolling average algorithm implementation. The time scale on the
x-axis is in UTC, starting from 00 to 2300Z.
2.2 ESTABLISHMENT OF A REGIONAL CEILOMETER NETWORK
Given the complex nature of this region, it was clear that the PBLHs might not be uniform
throughout the airshed. The inhomogeneity of the land in this region makes estimating the accurate
PBLH a challenge. Since ceilometer or, for that matter, any remote sensing techniques will provide
PBLH value columnar and cannot be used as a representation for the entire region. Hence it was
recommended to have a network of ceilometers in the region to monitor aerosol layer evolution
and development. Hence, building a ceilometer network in this region can assist in analyzing how
the PBL structure varies from location to location. A network of 4 ceilometers was proposed to
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cover the entire topography of the region and help better understand the PBLH characteristic for
this region and its influence on the regional pollution episodes. A well-distributed ceilometer
network will also enable the study of the urban and rural PBLH in the future.
So far, we have three fully functional Vaisala ceilometers operating in the El Paso-Juárez
airshed. The locations of the ceilometers are given below in Figure 9. At UTEP, we have CL51,
whereas in CAMS 49 and UCAJ, we have CL31 models. The proposed site for the fourth
ceilometer in the network is the NWS, Santa Teresa. As seen in Figure 9, three already installed
ceilometers are along the Rio Grande River valley. UTEP CL51 is at a higher elevation than the
other two, which are more towards the lower part of the valley. The proposed site for the fourth
ceilometer is at a higher elevation than the three and will be located at the upper valley. With this
setup, PBL structures across the EPJA will be available across the Franklin mountains since one
station will be on the west side of the mountain, one to the southwest, and the remaining two on
the southeastern side.

Figure 9. A network of ceilometers in EPJA. Red flag: UTEP CL51, yellow flag: Socorro CAMS
49 CL31, green flag: UACJ CL31, and check flag: proposed site for the fourth
ceilometer CL31 at NWS.
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2.2.1 Inter Comparing the Two Ceilometers for Calibration Purposes Before the
Installation
In the past, the ceilometer of the same model and make slightly differ in terms of laser
power and backscatter intensity detection. To confirm that both the ceilometers (then both Vaisala
CL31) were working uniformly without any discrepancies, and their data can be inter-compared,
the Socorro ceilometer was uninstalled from the site (CAMS 49). It was transported with great
care to the UTEP campus, where it was installed temporarily on the roof of the Physical Science
building. Both the ceilometers were placed next to each other with approximately a 1-meter
distance in between them. UTEP ceilometer is operational since 2015 and had provided reliable
data since its installation. The Socorro ceilometer previously operated on a different time zone was
set to the UTC so that both the ceilometers had a uniform time stamp.
The data collection, processing, and retrieval of the PBL structure were performed for three
weeks to ensure large data sets for inter-comparison and test the Socorro ceilometer's functionality
under different weather conditions. Both the ceilometers were placed ~ 1 meter apart on the roof
of the physical science building. The purpose of this short inter-comparison study period ensured
that both ceilometers have the same settings, resolutions, calibrations, etc.
Attenuated backscatter observations from the Vaisala CL31 Ceilometer use the aerosols as
a tracer to investigate the PBL dynamics, including mixing layer height and forming residual
layers. Backscatter profiles from the ceilometer are also used for verifying and assessing the
various numerical weather prediction and air quality models. This wide range of applications
requires careful quality control of the observed attenuated backscatter to ensure reliable data
analysis. In the following section, we intend to thoroughly evaluate the processing of attenuated
aerosol backscatter data using BL-View and other techniques.
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2.2.1(a) Aerosol Profiles of 21 November 2018
Figure 10 shows the attenuated backscatter profiles recorded by the CL31 ceilometers. On
the left is the profile from UTEP CL31, and on the right, we have Socorro CL31. Both the
ceilometers recorded the evolution of the boundary and cloud layers after 1200 UTC of 22
November. Socorro CL31 captured more background noise from the incoming photons compared
to the UTEP CL31. This difference in observation can be attributed to the tilt angle and direction
of the ceilometer window. Other than that, all the minor changes in the PBL diurnal cycle were
captured by both the ceilometers. These profiles indicated that both were functioning as per the
standard prerequisite.

Figure 10. Aerosol backscattering profiles of 21 November 2018, from Vaisala Ceilometer CL31 (left: UTEP, right: Socorro)
The hourly range corrected signal of both the ceilometers was compared to estimate the
PBLH value. Figure 11 Hourly averaged vertical profile of both ceilometers (left: UTEP and right:
Socorro) for 00 and 0100 UTC, 14 November 2018. The vertical profiles indicate a sharp drop in
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the range corrected signal (RCS) around height ~1.1 km, which is the transition between the top
of the aerosol layer and free atmosphere, a proxy of the PBLH. The sunset time during the
November month is around 6 pm LST, and the temperature peak is around 3 pm LST. Hence the
peak of the CBL can be observed in the late afternoon before developing the NBL. The maximum
NBL height that was achieved was around 200 m and remained stable throughout the night till the
next day late morning, when the CBL started growing again.

Figure 11. Hourly averaged vertical profile of both ceilometers (left: UTEP and right: Socorro)
for the period 00 and 0100 UTC, 14 November 2018. Both the vertical profiles
clearly indicate a sharp drop in the range corrected signal (RCS) around height ~1.1
km which is the transition between the top of the aerosol layer and free atmosphere,
a proxy of the PBLH.
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Figure 12. Range corrected signal (RCS) profile of both ceilometers (left UTEP CL31 and right
Socorro CL31) for 14 November 2018. Time in UTC.
Range Corrected Signal (RCS) is defined as the product of the pre-processed signal
(background subtracted) and the square of the altitude range as given by the equation below
RCS = P (z) z2
P (z) is the pre-processed signal from the LIDAR, and z is the altitude range for a zenithpointing lidar. For ceilometers operating in the near-infrared, the intensity of the backscattered
signal is to a first approximation proportional to the aerosol extinction cross-section. After the
background noise has been subtracted from the backscattered signal, this is range-corrected (the
range corrected signal will be indicated by P × z2, where P is the ceilometer signal and z the range
of its origin) to extract information on the vertical distribution of the aerosols. The hypothesis is
that incoherent and elastic scattering by randomly distributed aerosol and molecules occurs at the
ceilometer functioning frequency. Unfortunately, the backscattered signal undergoes a significant
extinction while propagating back to the receiver, which results in a partial loss of proportionality
to the aerosol backscatter coefficient.
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Figure 13. Percentage window transmission for both the ceilometers (left CL-UTEP and right
CL-Soc), 14 November 2018. Window transmission percentage is a good indicator
of how clean the window of the ceilometer is at the time of the data collection.
Window transmission can have an impact on the attenuated aerosol backscatter
signal. Hence it requires frequent monitoring.
Figure 13 shows the percentage window transmission for both the ceilometers on 14 November
2018 when the intercomparison was done. Window transmission percentage is a good indicator of
how clean the ceilometer window is at the time of the data collection. Window transmission can
have an impact on the attenuated aerosol backscatter signal. Hence it requires frequent monitoring.
The Socorro CL31 had a higher window transmission, around 90%, than UTEP CL31, which had
around 70%. While analyzing the intensity of the ceilometer’s aerosol backscattering profiles, a
window transmission over 70% is still considered reasonable and acceptable. Vaisala ceilometer
CL31 has a 910 nm wavelength diode with a pulse frequency of 10 kHz. The default laser
temperature of the instrument is 313.15 K and can reach as high as 333.15 K (Hey, 2015). Figure
14 and Figure 15 provide the 24-hour information of two ceilometers' laser temperature and pulse
energy during its operation on 14 November 2018. As observed, there were no significant
discrepancies in both parameters, indicating that both instruments were usually working.
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Figure 14. Laser temperature for both the ceilometers (left CL-UTEP and right CL-Soc), 14
November 2018; with CL-UTEP laser temperature was working from 296.1 to
309.1 K, whereas CL-Soc laser temperature was working in the slightly higher
range from 300.1 to 315.1 K. Time in UTC.

Figure 15. Laser pulse energy for both the ceilometers (left CL-UTEP and right CL-Soc), 14
November 2018. It can have an impact on the attenuated aerosol backscatter signal.
Hence it requires frequent monitoring. In this case, both the ceilometers laser
powers were very close to each other—time in UTC.
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2.3 GROUND LEVEL MEASUREMENTS
For decades, continuous ambient air monitoring stations (CAMS) have been set up in
different parts of the city of ELP Figure 16. These sites perform continuous monitoring of the
ambient air, and they report and issue warnings during any pollution anomalies. One such station
is CAMS 12, located on the UTEP campus (EPA site number 48-141-0037; 31.7682910 N,
106.5012600 W), operated and maintained by the TCEQ ELP regional office. It was commissioned
on 10 June 1996 and has collected air-quality and meteorological data ever since. This site's
continuous and fully functional monitors include meteorological data, ozone, NOx, carbon
monoxide, PM2.5, and PM10 (www.tceq.texas.gov/airquality/monops/data-reports). The data of
interest for this work covers a considerable period of 2015 - 2020. For most of this period,
continuous data were obtained at the site with minor absences due to equipment maintenance.
Similarly, CAMS 41, located at Chamizal National Memorial in ELP, 1 km northwest from
the International Bridge of the Americas (one of the primary connections between ELP and CDJ),
was instrumental in providing the VOCs data. CAMS 41 is approximately 4 km away from CAMS
12 (UTEP), where most data were collected. Several VOCs are measured at the site using
automated gas chromatographs (AutoGCs). Ascarate Park CAMS 37 is also located along the
border and is approximately 10 km southeast of UTEP. CAMS49, located at Socorro Hueco, is the
TCEQ site farthest from the ELP downtown and UTEP sites, at approximately 22 km. In addition
to the instruments available in CAMS 12, CAMS 49 also has a Vaisala ceilometer CL31 and a
radar wind profiler. Data from all these CAMS were also studied to ensure that the ozone episodes
were regional and not confined only to the downtown part of the city. CAMS located in CDJ had
been decommissioned in the past. Therefore, no data was available from the other side of the border
for the year of study (Karle et al., 2020).
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Figure 16. Texas Commission on Environmental Quality (TCEQ) Continuous Ambient Air
Monitoring Stations (CAMS) throughout El Paso.
2.4 HYBRID SINGLE-PARTICLE LAGRANGIAN INTEGRATED TRAJECTORY MODEL (HYSPLIT)
PBLH was computed using the HYSPLIT model, version 4 (R. Draxler et al. n.d.). The
National Centers for Environmental Prediction’s (NCEP) archived meteorological files, EDAS
(Eta Data Assimilation System), with a 40 km spatial and 3 hr temporal resolution in addition to
the WRF–HYSPLIT option was used as the meteorological data inputs for the model (Cohen et al.
n.d.). UTEP was chosen as the source location, and the hourly PBLH values were obtained together
with the trajectory. HYSPLIT model is a widely used trajectory model concerning pollutant
transport and dispersion within a well-mixed PBLH. Throughout the study, the model backward
trajectories were performed for 24 hours, with initial heights being 500, 1000, and 1500 m above
the ground level. It was ensured that all the daytime trajectories performed were within the CBL
height. An HYSPLIT desktop version was installed in a local machine, and python code was
designed, which allowed for the considerable duration calculations to be performed in a short
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duration of time. The PBLH provided by the model as one of the resultant output was in UTC,
making it much easier to be compared with the PBLH obtained from the ceilometer.
There are two ways in which the HYSPLIT model calculates the PBLH. The most common
method uses the fluxes of heat and momentum provided by meteorological models such as EDAS
and the North American Mesoscale Model (NAM) (Cohen et al. n.d.). If the model meteorological
dataset is unavailable, the second method uses temperature and gradients of the vertical profiles
from the regional NWS soundings. The PBLH is calculated within the model from the potential
temperature data by finding the inversion height. It assumes the recorded inversion height as the
PBLH when the potential temperature at that height exceeds the found value by 2 K.
2.5 WEATHER RESEARCH AND FORECASTING
Weather Research and Forecasting, most commonly known in the community as WRF, is
a next-generation mesoscale and microscale numerical weather prediction model widely used for
atmospheric research and operational forecasting applications. WRF is developed by the National
Center for Atmospheric Research’s (NCAR) Mesoscale and Microscale Meteorology Laboratory.
The model serves a wide range of meteorological applications across scales from tens of meters to
thousands of kilometers (www.mmm.ucar.edu). A variety of physics schemes are used to calculate
the PBLHs for a given location; some of them are mentioned below in Table 1. The Yonsei
University Scheme (YSU), a vertical diffusion package with an explicit treatment of the
entrainment process, is used. It is a nonlocal WRF PBL scheme developed by (Hong et al. 2006)
and later updated in WRF version 3 by increasing the critical bulk Richardson number from 0 to
0.25 over land and in the process, increasing the boundary layer measurement accuracy (X. M. Hu
et al. 2012).
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Table 1. WRF options used for simulations
Physics Scheme

WRF Option

References

Planetary Boundary

First Order Closure YSU

Hong et al., 2006

Layer (PBL)

(Yonsei University)

Microphysics

WRF Single-Moment (WSM)

Hu et al., 2010

Land Surface

Noah Land Surface

Tewari et al., 2004

Surface Layer

Monin-Obukhov Similarity

Monin and Obukhov,
1954

Cumulus

Kain-Fritsch

Kain and Kain, 2004

WRF version 3.9.1 released by the National Center of Atmospheric Research (NCAR) was
used extensively for this study. The WRF model was configured for this simulation with three
domains, each with a 172 × 172 mesh. The outer domain (d01), the middle (d02), and the inner
domain (d03) have horizontal spatial resolutions of 36 km, 12 km, and 4 km, respectively, as seen
in Figure 17. The 36-km domain covers the southwestern part of the US, while the 2nd domain
covers the southwest of Texas, some parts of CDJ, and some counties in New Mexico State. The
4-km domain focused on the Paso del Norte region, which is of interest to this work. The Lambert
map projection was used for this study. The reference latitude and longitude of this simulation
were 31.75690 and -106.488540, respectively. All model domains have 50 vertical layers, and the
model top is set at 50 hPa, while the lowest model for sigma levels is 1.0, 0.996, 0.99 to 0.91,
0.895, 0.865, and 0.80. We used the Global Forecast System (GFS) analysis data for the initial and
boundary conditions with a 0.5-degree spatial resolution. For the cumulus parameterization option,
we use the Kain–Fritsch scheme for domain 01 and domain 02, although no scheme was used for
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the coarse domain (Hong et al. 2004, 2006; Tewari et al. 2004). Furthermore, we had 96 h of
simulation for a daily run, consisting of 72 h of spin-up and 24 h daily simulation (Karle et al.
2020).

Figure 17. The domain used for the Weather Research and forecasting (WRF) simulations, with
outer domain d01 with a resolution of 36 km × 36 km; d02 with a resolution of 12
km × 12 km; and inner domain d03 with a resolution of 4 km × 4 km (Karle et al.,
2020).
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Chapter 3: Impact of Complex Topography and Ozone Distribution
3.1 LOCALLY INDUCED TERRAIN FORCED FLOW
As stated in the introduction chapter, El Paso-Juárez has an intricate topography, with both
the downtowns and surroundings in a valley Figure 18. The Franklin Mountains, due to erosion,
is divided into three distinct sections: in New Mexico and the significant segment in Texas. Narrow
channels can be seen bound tightly together by mountains. This complex topography within a
mountain range generates micro-climatic differences over a short distance. Mesoscale atmospheric
processes often play a significant role in influencing regional air quality, and it will be discussed
in detail in the later chapter. In the past study by James Reynolds and Val MacBain, the authors
noted that during certain months of the year, the east side of the Franklin experience strong winds,
and at the same time, little winds are experienced on the west side (James A. Reynolds and Val J.
MacBlain n.d.). The authors also observed a vast difference in temperature between the two sides
of the mountain, indicating that the Franklin Mountains play a significant role in local
meteorology. With the analysis of vertical profiles from the National Weather Service (NWS)
station located on the east side of the mountain range near El Paso airport pre-1990, authors also
observed slight anabatic-katabatic breezes and strong downslope breezes for the east side of this
region. Roughly around 10 km bottom southwest of the Franklin Mountain is the Juárez Mountain
with an elevation of 1600 m which appears flat-conical in shape with its tip facing the northnorthwest direction Figure 18.
The effect of wind on local pollution buildup and dispersion differs based on the region’s
slope flows and mountain-valley circulation. The Franklin in this region is a North-South chain of
isolated bedrock ranges surrounded by desert. Due to this perpendicular orientation, different sides
of the mountain heat up differently. The slopes on the east side of the mountain face the sun longer

36

than the west side. Hence temperatures over this sunny slope are higher than the western slope
under shade (Harbour n.d.). During the regular summer days, the east side of the mountain gets
exposed to the sunlight as early as around 6 am, and only around 10:30 am is when the west side
starts receiving sunlight. Also, more vegetation can be found along the lower (southeast) and upper
(northwest) Rio Grande Valley, as seen in Figure 19. This section usually receives more rainfall
than the central valley region and has higher mean humidity (Pearson and Fitzgerald, 2001). The
upper and lower valley vegetation contributes to the temperature gradient between the valleys and
the central and eastern parts of Franklin Mountain.

Figure 18. The complex topography of EPJA underlining the slopes around this whole region
with the Franklin and Juárez Mountain ranges.
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In the EPJ region, the valley where most of the cities' downtown area is located is around
100 m deep below the surrounding plateau area and the Franklin mountains roughly 700 m above
the plateau Figure 21. The sudden elevation drops moving from west to east in the southern part
of the Franklins is visible in Figure 21. This complex feature of the mountain ridges and valleys
serves to trap air masses with ozone or its precursors and PM, thereby limiting the dispersal of the
pollutants, contributing to high ozone or PM episodes (Einfeld and Church 1995; Karle et al.
2020b). The frequent high-pressure systems over the PdN region are likely during the intense
summer days; more details are discussed in the following chapter. These large systems bring about
calm winds and clear skies, allowing the complex local terrain to influence local winds. The UTEP
campus is close to the downtown, southwest tip of the Franklin Mountains, and is slightly higher
than the downtowns of both the EPJ, as seen in Figure 5.
In the summer months, the EPJ receives maximum exposure to the sunlight, with the peak
intensities recorded around 4 pm. During the summer nights with the drastic drop in temperatures,
drainage flow is observed in the Franklin and Juárez mountains, as shown in Figure 22. The
mountain slope cools down relatively quickly compared to the surrounding valley region leading
to the drainage flows. Wind data were analyzed from the El Paso International airport located next
to the south-eastern tip of Franklin Mountain. The resultant wind rose for May and June 2020,
covering a time window of 00 to 0700 LST, indicating a significant flow coming from the direction
of the Franklins. This drainage flow weakens after sunrise as the east and south sides of the
Franklins start heating up. The resultant wind flow direction is reversed and becomes upslope
winds from south and east due to the temperature gradient produced by vegetation cover in the
lower valley, as seen in Figure 19. Figure 23 shows the wind rose of 04 2021 of two CAMS located
on each side of the Franklin Mountains. Careful analysis of the direction of the wind flow indicates
the role of the complex network of mountain ridges, surrounding vegetation belts, and its influence
on local wind circulation.
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Figure 19. Vegetation cover along the upper (northwest) and lower (southeast) valley of this
region is surrounded by barren desert land, as seen in the satellite image.

The intense daytime heating, dearth of vegetation, and surrounding desert in the central
EPJ region cause the PBL to grow extensively throughout the late morning and midafternoon.
Hence, the peak PBLH for this region was recorded in the late afternoons during the hot summer
days, as seen in the following chapter 4. As described in the introduction chapter, higher PBLH
provides a large volume underneath to transfer momentum from the earth's surface to the free
atmosphere, given that the ground level emissions remain constant throughout. This momentum
exchange can affect the locally driven upslope winds either by obstructing or enhancing the flows.
The ground surface cools down by radiative cooling in the evening, and NBL develops close to
the surface, decoupling the layers aloft and halting the momentum exchange. The mountain slopes
cool down even swiftly than the valley, and again the nighttime drainage flow begins.
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Figure 20. A cross-section of the Franklin Mountains from East (top) and west (bottom), taken
from Franklin Mountains State Park
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Figure 21. The elevation map of the southern Franklin Mountain tip (top), central valley region
covering significant portions of the EPJ downtown area (bottom left), and lower
valley region (bottom right) showing the difference in elevation between the valley
and the surroundings

Figure 22. A wind rose from El Paso international airport from 01 May - 30 June 2020 for the
time window of 00 - 07 LST. (Source: MRCC Application Tools Environment)
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Figure 23. The wind rose of 04 June 2021 of Ojo de Agua (left) CAMS on the west side and
Skyline Park (right) CAMS on the east side along the foothills of the Franklin
Mountains.
3.2 EPJA AS AN URBAN HEAT ISLAND
Urban heat islands (UHI) are usually most prominent in areas with high populations and
large concrete infrastructures. For example, a city with a considerable population size with an
average summer temperature of 10° is expected to have about 20° at night. In contrast, a rural area
of the same size with an average summer temperature of 20° is expected to have about 17° at night.
This temperature difference is because urban areas have a higher energy consumption density,
which results in more waste heat being produced. The UHI effect is most pronounced in the
summer and winter seasons when most energy is consumed. UHI is also a typical phenomenon in
areas with a lower latitude. Due to rapid urbanization, the expansion of EPJ both in the industrial
and residential settlements has been exponential in the last two decades. This region is the largest
metropolitan along the Texas-Mexico border and the largest manufacturing center in North
America. The swift urbanization brought about extensive growth in infrastructure resulting in
absorption and re-emission of the solar radiation more than natural landscapes and surrounding
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suburban areas. The central valley of this EPJ has maximum concrete infrastructure compared to
its adjacent residential areas Figure 5.
In 2017, Karle et al. conducted a successful study of urban heat islands and their effect on
the PBL for the EPJA region (Karle et al. 2017) using NASA's Terra/MODIS satellites ceilometers
and WRF model. Remote satellite data confirmed that EPJA is warmer, around 5 – 7°C during
summer and 2 – 3°C during winter than its surrounding rural region Figure 24. It was observed
that the central and east sides of the Franklin Mountains had lower mean humidity than the valley
region. Authors also found that the regional PBLHs follow the expected diurnal cycle, and the
heights vary from 75 – 2700 meters. They concluded that the measured PBLH, both experimental
and modeled, was higher for the urban region than the surrounding rural regions. Also, the urban
PBLH and temperature correlation coefficient (0.81) was higher than rural (0.70) Figure 25 and
Figure 26.

Figure 24. Land surface temperature (Day) Terra/ MODIS
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Figure 25. Temperature comparison (left) and PBLH comparison (right) for Rural (green) and
urban (red) region.

Figure 26. The correlation coefficient of rural PBLH and temperature is 0.70 (left), and urban
PBLH and temperature, 0.81 (right)
3.3 REGIONAL POLLUTION DISTRIBUTION
The photochemical reaction to produce ozone requires Oxides of Nitrogen (NOx) and
Volatile Organic Compounds (VOCs) in strong sunlight, which is in plenty in El Paso-Juárez,
especially in the summer. As a result, certain parts of the city, e.g., CAMS 12 UTEP, frequently
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record high ozone levels compared to other CAMS. Earlier, this difference was not well studied
due to the complexity of the non-linear ozone formation process and local and regional sources
and atmospheric flow patterns. In the last two decades, EPJ has undergone exponential
urbanization with rapid development in modern infrastructural developments, including
construction and maintenance of the local, state, and national highways. Data from El Paso city
Figure 27 shows several active construction sites around the city in the last few years. Undeniably,
this amount of construction work led to several hours-long traffic congestion, especially on the
major streets such as Mesa, Montana, and loop 375.

Figure 27. El Paso city road construction sites in last few years, both ongoing and completed
works (http://gis.elpasotexas.gov/trafficcounts/)
The Copernicus Sentinel-5 Precursor is a Royal Netherlands Meteorological Institute
satellite launched on 13 October 2017 (http://www.tropomi.eu/). The vertical NOx column
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obtained from the Tropospheric Monitoring Instrument (TROPOMI) on this satellite helped
observe the regional NOx levels, especially during the high ozone events. Figure 28 below shows
that the NO2 levels are visualized in 3 dimensions for the El Paso Juárez downtown region. The
day under study is a high ozone episode which was recorded on 06 June 2017. It is seen that the
higher concentration of the NO2 can be seen around the downtown at the foothill of both Franklin
Mountain in El Paso and Juárez Mountain in Juárez.
It is also very well known that ozone production and destruction by NOx during the day
can lead to stable ozone concentration in the troposphere. This destruction of ozone by one of its
precursors
NO2 + hν → NO + O
O3 + NO → NO2 + O2
leads to the diurnal evolution of ozone levels at the surface. NO2 in excess concentration like the
chlorofluorocarbons (CFCs) is known to destroy ozone molecules. The observed daily ozone levels
in this region do follows a diurnal pattern. So, the accumulation of NO2 in this region contributes
to maintaining ozone levels. Figure 29 is a two-week (23 May – 05 June 2021) average of the NO2
concentration that can be seen more along the central and southeast part of the EPJ. It shows that
the downtown area of the EPJA contributes to the higher emissions of the ozone precursors, but
the suburbs of the cities that are overgrowing also equally contribute. It was also noted that most
of the emissions and pollution concentrations are observed in the central and eastern parts Figure
28. In the western part of the Franklins, pollutants seem to stack up from the upper valley and up
flow in the western park. Hence, higher concentrations of the pollutants are measured in the central
part along the mountains' foothills.
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Figure 28. Satellite NO2 vertical column 04 June 2018 visualized along with 3D topography. The
linear projection on the middle top is the Franklin Mountain, and the spread-out
projection in the bottom left is the Juárez Mountain.

Figure 29. Two weeks of NO2 concentrations in the EPJA as observed by the Copernicus
Sentinel-5 Precursor Satellite
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Figure 30 below shows a constant 5-hour maximum ozone level during a high ozone day
of 17 June 2015. Ground data was collected from two New Mexico Air Quality stations in Santa
Teresa and Sunland Park, respectively, on the west side of the Franklin Mountain, CAMS 12 UTEP
roughly located at the southern tip and Chamizal, Ascarate, and Socorro CAMS on the southeast
side of the mountain. The dotted green line indicates the ozone level of 70 ppm. The high ozone
event was recorded by each one of these stations, except the Socorro. As observed, CAMS 12
UTEP recorded the highest ozone level, and the concentration decreased moving away from both
east and west side. In this case, it was detected that the ozone had accumulated in the central
valley. Figure 31 of 08 August 2016 high ozone event is another example where we can see higher
ozone levels but only on the eastern side of the central valley whereas the western part has a
moderate level of ozone. Chamizal CAMS recorded maximum ozone level for that day, followed
by UTEP, Ascarate, and Socorro. Both the cases mentioned above and several more recorded
throughout the study indicate pollutant accumulation in the central valley along the foothills of the
Franklin and Juárez mountains.

Figure 30. Five-hour ozone concentrations measurements from major air quality stations along
the Rio Grande Valley for 17 June 2015. Santa Teresa and Sunland Park are the
stations on the southwest side of the Franklins, UTEP to the central, and rest to the
southeast.
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Figure 31. Five-hour ozone concentrations measurements from major air quality stations along
the Rio Grande Valley for 08 August 2016. Santa Teresa and Sunland Park are the
stations on the southwest side of the Franklins, UTEP to the central, and rest to the
southeast.

The response of the PBL to complex topographic forcing is different and complicated than
flat locations. The meteorological parameters are strongly altered in mountainous terrain due to
uneven heating and cooling of the surface. In the EPJ region, the PBL depth has shown substantial
variation in both time and space. More details will be discussed on the PBL structure of this region
in the later chapters. On certain days due to strong convective mixing of the air aloft from the free
troposphere, dilation or increase in concentrations of ground-level pollutants in the surface
boundary layer varies. Figure 32 is one example of the PBLH peak that is observed during the
summer days in EPJA.
3.4 ANALYSIS
The intricate topography of EPJ plays a significant role in regional pollution episodes.
Uneven surface heating leads to local flow patterns that alter the pollutant's dispersion, especially
during the summer. During the winter months, a strong inversion sets in, restricting the vertical
dispersion, and the mountains prohibit horizontal dispersion of the pollutants by acting as a strong
49

barrier between the east and west side of the city. The daytime upslope (towards the mountain)
winds assist in the transport of pollutants and their precursors. Implications of this transport being
the emissions confined to the foothills of the Franklin and Juárez mountains. Hence, the CAMS
12 observes a maximum number of high pollution days compared to other CAMS across the city.
The second factor is the smaller-mesoscale influences, such as surface temperature gradients which
result in locally generated flow patterns and variations in the mixing properties. The presence of
the topography and the surrounding desert play a significant role in characterizing the regional
PBL growth and evolution.

Figure 32. A very high PBLH (around 3.6 km) was observed on 02 June 2017 at the UTEP
location. Time in UTC.
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Chapter 4: Seasonal PBL Structure for this Region
4.1 PBL CASE STUDIES
Attenuated aerosol backscatter profiles from the Vaisala CL31 ceilometer were used to
investigate the boundary layer dynamics, focusing on this region's daytime mixing layer height.
PBLHs obtained from the ceilometer were used to validate and assess the various numerical
weather prediction and air quality models. A clean and dusty day scenario observed in the EPJA
was examined as part of a case study. Ceilometer data was processed using the proprietary software
BL-view version 2.1 using the combined, merged gradient and profile fit algorithm. A typical
uncertainty on PBLH determination for a 1-hour average time is ± 300 m (Tsaknakis et al. 2011b).
Hourly modeled PBLH values were determined using the NOAA Air Resource Laboratory
HYSPLIT. The hourly averages of the PBLH had to be determined for this study because the
ceilometer provides PBL values for every 16 seconds, given that the signal strength is good, and
the algorithm detects the gradient. This hourly averaging also ensured that experimental PBLH
values could be compared directly with the modeled ones.
(a) Clean Day
Many studies in the past (N. Eresmaa et al. 2006; Noora Eresmaa et al. 2012; de Haij,
Wauben, and Klein Baltink 2006; Münkel et al. 2007; Schafer et al. 2004) have used CL31
observations to study and analyze the evolving PBL structure and obtain the mixing layer height.
All of them emphasize the increased performance of the ceilometer under convective conditions
that ensure that the backscattering aerosols are well dispersed in the mixing layer. November 14,
2018, was a clear day, and formidable convection was observed, resulting in a well-evolved mixing
layer. Such days are ideal for studying the PBL structure using merely the observed gradient of
the aerosol backscattering profile. Figure 33 shows the backscatter intensity plot from the BL-view
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for November 14, 2018 (Ceilometer CL31 located at UTEP) with default averaging, a feature in
the software. The software spontaneously evaluated the ceilometer backscatter profile data using
the default parameters to report the convective boundary layer and other boundary layer forms
such as residual boundary layer heights. In addition to real-time mixing layer height (MLH)
reporting, the software also reports the hourly averaged MLH.
To visualize the aerosol backscatter data without any processing by the BL-view, we plot
the raw backscatter data without any correction using MATLAB. Figure 34 shows the raw
backscatter profile. The plot gives the aerosol backscattering profile for the entire vertical range
of the ceilometer CL31. A code was developed to increase the signal-to-noise ratio (SNR) to
calculate the moving average for the raw attenuated backscatter data across set windows in range
and time. The SNR hence obtained was used to eliminate the background noise that exceeds the
actual information content of the atmospheric signal.

Figure 33. Shallow growth of the PBL was observed on 14 November 2018 at UTEP, time in
UTC. The left y-axis is the backscattering intensity, and the right y-axis is the
vertical height in meters.
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Figure 34. Aerosol backscatter profile of the raw ceilometer CL31 data, 14 November 2018
(UTEP)

Figure 35. UTEP CL31 observation for November 14, 2018, using the moving average
The impact of the moving average is seen in Figure 35, where all the unwanted background
noise is cleared. To ensure that the telescope window was clean, and no dirt was interfering with
the optical signal, we also analyzed the window transmission estimate Figure 36 and found it well
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above 79%, making the collected data suitable for processing. As a result, a very stable nocturnal
boundary layer can be seen at night, and after the sunrise, which was 7 AM local time, a steady
evolution of the convective boundary layer can be observed. It reaches the peak of ~ 930 m around
3 PM and eventually decreases as the convection decreases as the sun goes down.

Figure 36. Window transmission estimate of the UTEP ceilometer on November 14, 2018
Inter-comparison between the PBLH obtained from the ceilometer and HYSPLIT for 14
November 2018 @ UTEP is demonstrated in Figure 37. A good agreement between the two
methods can be observed for the clean day. It is to be noted that the selected clean day is one of
many clean days recorded; however, it cannot be considered as an exclusive representation for all
of them. Discrete, in-depth analysis of the other clean days needs to be performed to conclude the
inter-comparisons further.
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Figure 37. Inter-comparison of PBLH between the ceilometer aerosol backscattering gradients
and HYSPLIT generated values for November 14, 2018
(b) Dusty Day
El Paso – Juárez airshed is well known for its strong winds and dust storms. During such
events, PM10 concentration in the region increases. The source of these PM10 particles can be
attributed to the Chihuahua desert. June 06, 2018, was a dusty day with PM10 concentration
recorded as 104.8 ppm and 114 ppm at the beginning and end of the day, respectively. The presence
of the dust can be seen in the lower atmosphere as seen in the aerosol backscattering profile Figure
38. The gradient of the aerosol backscatter is quite sturdy during the evolution of the convective
boundary layer early in the morning after sunrise. BL-view did manage to capture the gradient till
the afternoon when the convective boundary layer merges with the residual layer and then there is
a sudden rise in the PBLH. In the evening, the growth and development of the stable nocturnal
boundary layer can be observed. It is challenging to locate an exact top of the convective boundary
layer height during such situations after it first encounters the residual layer since a strong aerosol
backscatter gradient is observed throughout the day. Data were averaging help if the convective
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boundary layer rises, but it is a little difficult to trace the gradient once the residual and convective
boundary layers merge.

Figure 38. BL-view backscatter profile of June 06, 2018, data (Socorro)

Figure 39. Aerosol backscatter profile of the raw ceilometer CL31 data, June 06, 2018 (Socorro)
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It is to be noted that the time stamp on the plots is local time, i.e., MST. The ceilometer at
Socorro was set to default to local time before it was moved to the UTEP campus for the intercomparison studies with the UTEP counterpart. Because of intense aerosol presence, the gradients
detected are spread across all heights, as seen in Figure 38 and Figure 39. Both the figures are
inadequate in providing enough information regarding the evolution and growth of the convective
boundary layer and the previous day’s residual boundary layer. The moving average was
performed on both the temporal and special scale of the raw ceilometer data for this day using our
code. This technique helped eliminate background noise and provided a better backscattering
profile, as seen in Figure 8. After the moving average was implemented, we can see the evolution
and growth of the convective boundary layer starting after 6 AM local time, as seen in Figure 8.
The convective boundary layer evolves around noon when it meets the residual layer and merges
with it. This time is when we see the PBLH shoots up. The default data processing of the BL-view
software is not capable of capturing this change, and hence we do not get very accurate results, as
seen in Figure 10 compared to the clean day. The PBLH from the ceilometer and HYSPLIT is in
good agreement until noon when the convective boundary seems to merge with the residual layer
(Figure 8) when the ceilometer seems to be receiving gradients at different heights making it more
complicated to estimate the best possible PBLH. From 12 PM to 7 PM local time, the ceilometer
seems to be underestimating the PBLH values. One reason for this could be that during this period,
priority is given to the first observed backscattering gradient. Several other gradients recorded
higher, but the default algorithm seems to ignore them, hence failing to report and confirm the
higher gradients as the PBLH. After 7 PM, as the convection slowly reduces, we again observe a
good agreement between the ceilometer and HYSPLIT PBLH.
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Figure 40. Socorro CL31 observation for June 06, 2018, using the moving average

Figure 40 provides a clear indication that even though the conditions were dusty, the
internal blower of the ceilometer was fully functional and managed to keep the transmission
window clean. Hence, it can be asserted that the backscattering profile for the day mentioned above
is solely due to the presence of a larger concentration of the aerosols closer to the ground surface.
The minimum window transmission estimate for the day was 79%, and the maximum was 83%.
Figure 42 has an intercomparison of the experimental and modeled PBLH for 06 June 2018.
Modeled PBLH estimation is higher than the experimental one by a good 1.5 km during the peak
afternoon period.
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Figure 41. Window transmission estimate for Socorro ceilometer for June 06, 2018

Figure 42. Inter-comparison of PBLH between the ceilometer aerosol backscattering gradients
and HYSPLIT generated values for June 6, 2018.
Vaisala (www.vaisala.com) released two firmware versions specifically for ceilometer
CL31. These two firmware versions are 1.72 for sensors running with older generation hardware
and 2.03 for those running with newer hardware (Münkel and Scientist n.d.). Data collected with
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these two firmware versions are more consistent and show significant improvement in the
attenuated backscatter profiles compared with the old ones.

4.2 Inter Comparison of the PBLHs Obtained from Ceilometer, HYSPLIT, Ozonesonde,
and Radiosonde Data
A radiosonde is a special weather balloon equipped with meteorological instruments that
measure atmospheric conditions and transmit the data to a ground receiver. These balloons are
usually launched from airports or other land sites. Radiosondes that measure ozone and basic
meteorological parameters such as temperature, relative humidity, altitude, wind speed, and
directions are called ozonesondes. Measurements of these meteorological parameters vertically are
called sounding. Regardless of the modern remote sensing methods, one of the most popular,
reliable, and traditional methods of retrieving the PBLH is from radiosondes usage, which is still
widely used as a benchmark for PBLH reference. This popularity is because the vertical profiles
from the sondes are based on the thermodynamic structure of the lowest part of the troposphere,
and it directly replicates changes in the surface force. However, the biggest drawback is that the
regular balloon launches usually occur only twice a day, so it is impossible to study the entire PBL
structure and its diurnal variation.

For this specific inter-comparison or PBLH ceilometer

validation, the daily soundings from the nearest National Weather Station (NWS) located at the
Santa Teresa, New Mexico, along with the ozonesonde data from the Summer 2017 El Paso Ozone
Campaign, were used.
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Figure 43. An inter-comparison of the PBLH from ceilometer, HYSPLIT, and ozonesonde (using
the Bulk Richardson and the lapse rate or temperature inversion PBLH detecting
algorithm) as a case study of 23 May 2017. The location of the ozonesonde
launching was at UTEP.

As seen from Figure 43, the PBLH obtained from the ozonesonde is more in agreement
with the PBLH obtained from the ceilometer aerosol backscattering data than the HYSPLIT
PBLH. A good agreement between the PBLH obtained from the Bulk Richardson method and the
parcel method indicates that the mixing layer on that day was dominated by thermally driven
turbulence. It should, however, be noted that the usual trajectory of the radiosonde is not entirely
vertical but slanted due to horizontal winds. Therefore, the radiosonde profiles all the time need
not coincide with the rising thermal or vertical profiles derived from the remote sensing techniques
(Haeffelin et al., 2005).
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4.3 SEASONAL PBL STRUCTURE, BOTH EXPERIMENTAL AND MODELED
The measurements were made at UTEP using the ceilometer data from March 2015- Dec
2020 to study the effect of PBLH on seasonal high pollution events in this region. The data set
collected from the ceilometers CL31 and CL51 provided an adequate numerical significance for
the long-term observations of diurnal, seasonal, and yearly PBL cycles. BL-view software was
used extensively for the determination of PBLH. The investigation of seasonal variations of PBLH
was represented by smaller data subsets comprising two months from each Spring, Summer, Fall,
and Winter season. The spring data set comprises March and April 2019, the summer data set
comprises May 2018 and 2019, October and November 2018 for Fall and December, and January
2019 for winter. These months do not precisely correspond to the respective seasons but are good
representatives based on temperature distribution, as seen in Figure 44 below.

Figure 44. The percentage of time spent by the EPJ region in various temperature bands. The
black line is the percentage chance that a given day is within the growing season
(Weatherspark.com: https://weatherspark.com/y/3268/Average-Weather-in-ElPaso-Texas-United-States-Year-Round)
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In this study, days with lower or middle troposphere clouds, precipitation days were
ignored. The annual distribution of the PBLH as observed in Figure 45 and Figure 46, both
experimental and modeled, indicates that on certain days, PBLH reaches a maximum during the
summer season and decreases to its minimum in the winter season. This instance was the first time
that the PBL structure over EPJ airshed was evaluated extensively. The seasonal patterns agree
with several other previous works (Stachlewska et al. 2012) based on observations made using
remote sensing instruments and soundings provided by the radiosondes. Nonetheless, the results
in this study indicate a more substantial diurnal variability and days with greater PBLHs during
the summer season. This point helps validate claims made during the past ozone campaigns where
daytime maximum PBLH was over 3-4 km during the summer days. The PBLH usually shows a
significant diurnal variation daily, especially during the summer seasons, and varies during the
daytime in cold winter seasons. The PBL usually becomes well developed in the afternoon during
1400-1700 LST during the summer months. The time PBLH reaches maximum varies with
seasons. It could be around 1600 LST in the summer and around 1400 LST in winter. The daily
heating due to solar radiation has a pronounced effect on the growth and evolution of the PBL.
Certain exceptions, such as a large low-pressure system in the region, trigger a higher PBLH.
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Figure 45. Experimental and modeled PBLH diurnal cycle for Summer and Spring seasons.

Figure 46. Experimental and modeled PBLH diurnal cycle for Fall and Winter seasons.
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4.4 INTERCOMPARISON WITH THE HYSPLIT PBLHS
The seasonal PBL structures obtained experimentally in the previous section using
ceilometers were tested using the MLHs computed by the HYSPLIT model and, in some cases,
WRF PBL schemes. In the HYSPLIT model, there are two ways in which it can estimate the
MLHs. The most preferred method assumes the MLH to be equal to the height at which the
potential temperature calculated using the fluxes of heat and momentum provided by the
meteorological models first exceeds the surface level data value by 2 K. In the absence of the
meteorological model data, HYSPLIT uses the temperature and wind gradients of each grid-point
sounding to estimate the MLH (R. Draxler et al. n.d.; Rolph, Stein, and Stunder 2017). The
potential temperature profile to evaluate the MLH is analyzed from top-down to reduce the
influence of shallow stable layers near the surface. Also, by default, the model assumes a minimum
MLH to be 250 m for all hours. This specific height is chosen to match the minimum height
resolution of the meteorological input data set provided by the NOAA-ARL (R. R. Draxler and
Hess n.d.; Perrone and Romano 2018; Stein et al. 2015).
The meteorological dataset Eta Data Assimilation System (EDAS) with 40 km and 3 hours
resolution and North American Mesoscale (NAM) with 12 km and the 1-hour resolution was used
in this study. The location of the ceilometer at UTEP was chosen as the starting location of the
HYSPLIT model run. All the data presented in Figure 45 and Figure 46 above is in UTC. The
comparison of the seasonal PBLH structure in the figure indicates that the model results can
represent the general feature of the diurnal cycles but fails to capture the convective and nocturnal
boundary layer height details.
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The distribution of the PBLH in Figure 47 and Figure 48 below indicates that the PBLH
estimated by the HYSPLIT model is relatively higher than the experimental values predominantly
during the spring season. Both PBLHs are in good agreement in the Fall and Winter seasons.
Results also indicate that the model seems to predict extreme values of the PBLH. Especially the
nighttime PBLH is strongly underpredicted by the model, given that its default minimum value is
250 m. HYSPLIT PBLHs during the night is as low as 25 m, which is quite irrational. PBLH
obtained using the NAM meteorological dataset shows improvements as compared to EDAS.

Figure 47. Box plot of the experimental and modeled PBLH for Fall and Winter season
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Figure 48. Box plot of the experimental and modeled PBLH for Summer and Spring season

The figure shows the hourly PBLHs provided by the ceilometer and the HYSPLIT model
monthly representing the respective seasons. Certain days were excluded due to the unavailability
of meteorological ceilometer data sets and days affected by cloudy or rainy conditions hindering
the ceilometer's ability to detect PBLHs. NAM had a better agreement with the ceilometer
compared to the EDAS summertime data. The largest spread between the lowest and highest
modeled PBLH was as high as around 4.7 km in the summer of 2019. The maximum PBLH value
determined by the ceilometer is around 3.8 km.
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Figure 49. The correlation coefficient of experimental and modeled PBLH for the Winter and
Spring season

Figure 50. The correlation coefficient of experimental and modeled PBLH for the Summer and
Fall season
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Table 2. Correlation between experimental and modeled obtained PBLH

Correlation

Index of

Mean Absolute

Root Mean

Coefficient R

Agreement

Error

Square Error

(Pearson)
January 2019

0.60

0.60

180.73

235.54

March 2019

0.64

0.67

374.54

540.66

April 2019

0.68

0.65

608.99

843.99

May 2018

0.58

0.60

949.07

1157.3

May 2019

0.79

0.72

595.84

883.03

October 2018

0.70

0.58

283.91

369.05

November

0.68

0.60

261.78

328.59

December 2018

0.60

0.55

251.49

320.21

4.5 ANALYSIS
As seen in both cases, the noise in the background signal is corrected by running a spatial
and temporal averaging program throughout the raw data. The observations from above also
indicate that a uniform averaging mechanism needs to be in place to better implement the merged
gradient and profile fit algorithms used by the BL-view software to calculate the PBLH. Hence,
we propose to use the newly averaged data as the input to the latest version of BL-view software,
and we expect both the algorithms of the software mentioned before to produce desirable outputs.
In addition to the data correction process, I updated the ceilometers' firmware as per the
latest recommendations from Vaisala, which requires older hardware (CLE311 + CLR311) of the
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ceilometer to have an upgraded version of firmware 1.72 or later. Up to an extent, it resolved the
background signal noise issue and expected better signal processing.
The depth of the PBLH deduced from the ceilometer and HYSPLIT has a distinct seasonal
cycle. This study was the first of its kind of intercomparison for this region. The maxima during
the summer season can be associated with intense surface heating, resultant strong surface sensible
heat fluxes, and reduced static stability. The seasonal depth of the PBLH as deducted by the
HYSPLIT and WRF model provides a critical limitation on the behavior of modes. The extent to
which models can reproduce the patterns of seasonal PBLH depth variability would provide new
confidence in the ability of the models to respond appropriately to changes in stability and surface
heating.
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Chapter 5: Impact of PBL on ozone episodes: A 2017 case study
The data of interest for this work is from June 4-7 and 11-13, 2017. For most of this period,
continuous data were obtained with minor omissions due to equipment maintenance. Similarly,
CAMS 41, located at Chamizal National Memorial in ELP, 1 km northwest from the International
Bridge of the Americas (one of the primary connections between ELP and CDJ), was instrumental
in providing the volatile organic compounds (VOCs) data. Several VOCs are measured at the site
using automated gas chromatographs (AutoGCs). Ascarate Park CAMS 37 is also located along
the border and is approximately 10 km east-southeast of UTEP. CAMS49, located at Socorro
Hueco, is the TCEQ site farthest from the ELP downtown and UTEP sites, approximately 22 km.
In addition to instruments available in CAMS 12, CAMS 49 has a Vaisala ceilometer CL31 and a
radar wind profiler. Data from all these CAMS was also studied to ensure that the ozone episodes
were regional and not confined only to the downtown part of the city. The CAMS located in CDJ
are decommissioned, and hence there was no data available from the other side of the border.

5.1 CLASSIFICATION OF THE REGIONAL OZONE EPISODES
In 2017, twelve high ozone episodes were reported in the region by TCEQ CAMS, including
ten high ozone days indicated by the CAMS 12 station. Four of those ten high ozone days were
successive in June, from the 4th to the 7th. The remaining six high ozone episodes occurred on 27
June, 10 and 28 July, 17 and 24 August, and the last one on 12 September. The high ozone episodes
recorded by the TCEQ CAMS were the days with an 8-h ozone (O3) average concentration above
70 ppbv as per the Air Quality Index (AQI) set by the National Ambient Air Quality Standards
(NAQQS). In this study, we defined an event as a low ozone episode when the 8-h average ozone
concentration was lower than 50 ppb. The total number of annual high ozone episodes recorded
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by CAMS 12 and their monthly distribution by dates are given in Table 2. Historical data indicates
that June to August is the summer months, with most of the high ozone episodes commonly
recorded in this region (Table 2). This observation was expected since all the favorable conditions
for high production of ozone were available during these months, such as high temperatures
(month of June and July, which are the peak summer months with an average temperature of
approximately 40 0C or above) with calms winds (averaged approximately 4–5 m/s) and high solar
radiation (averaged approximately 1.5 Langleys/min). However, the temperature decreases
considerably from September (the beginning of the fall), and more low ozone events are observed
in Table 3.

Table 3. The total number of annual high ozone episodes recorded at CAMS 12 (UTEP) and
their monthly distribution as per the dates they occurred.
Year

March

April

May

June

2000

# of
High
Ozone
Episodes
23

-

26

19–
21,
28–30

1, 4, 7,
25

2001

11

20

16

-

9

2002

12

-

21, 22

-

2003

17

-

-

-

1, 27,
29
5, 14,
15, 18

2004
2005

03
19

-

-

16,
21, 23
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13, 14,
24, 29

July

August

7, 9, 1, 5, 19,
10,
26, 27
18,
20, 28
11, 25 4, 8, 19,
20, 25
3, 10,
3, 9
21
1, 2,
9, 10
4–6,
9, 13,
19,
21, 26
21, 30
4
8, 10, 10, 15,
14,
16, 25,
16, 17
27

September

3

5
1, 2
6

9, 22

2006

20

-

-

-

2–5,
12, 17,
18, 27,
29, 30

2007

11

-

-

-

2008

08

-

-

-

2009
2010

02
05

-

-

-

2, 10,
15, 16,
21, 24,
28, 29
9, 14,
22
-

2011
2012

03
10

-

-

-

4, 22
28, 29

2013
2014
2015

06
03
04

-

28
-

24
-

2016
2017

04
10

-

-

-

11
10, 21
17, 21,
29
6, 23
4–7,
27

1, 3,
4, 10,
11,
23,
26, 28
2, 3,
16

23, 27

-

-

-

-

7, 8, 11,
19
10
10, 20

5

2

3
15
-

4, 12,
21, 31
17, 19
10

16
10, 28

8
17, 24

12

24
13,
15, 19
20
12–14

-

-

Table 4. Observed at CAMS 12, the high and low ozone episodes (as defined in Section 3.1) for
2017.
Month
May
June
July
August
September
October

# High Ozone Days
5
2
2
1
-

# Low Ozone Days
10
4
8
11
18
29

The focus of this study revolves around the four successive high ozone days that occurred in
June 2017. Along with the ozone episodes, the correlational behavior of particulate matter (both
PM2.5 and PM10) was also observed. Only one such incident of back-to-back high ozone episodes
had been recorded previously during the ozone campaign of 2006 (Table 2). The uniqueness of
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this study is that a week following the high ozone events, three successive low ozone events were
also recorded Figure 51. This event of successive high ozone episodes followed by low ozone
episodes provided us with an excellent opportunity to analyze and study meteorology, especially
the impact of MLH and synoptics on both high and low ozone events. Table 3 gives a distribution
of the high and low ozone episodes for 2017 as recorded by CAMS 12. We also observed an
increasing number of low ozone events from June–October 2017 at CAMS 12.

Figure 51: Ozone concentrations (ppbv) for both the high and low ozone episodes for the city of
El Paso (ELP). Source: TCEQ CAMS 12. Note: 4–7 June 2017 are high ozone
days, and 11–13 June 2017 are low ozone days.
Diurnal variation in the ozone concentrations was observed both during the high and low
ozone episodes. In the case of high ozone episodes, more elevated ozone concentrations were
detected between 8 a.m. and 6 p.m., as observed in Figure 51. During the successive low ozone
days, after 8 am, the ozone concentration seemed to reach a plateau till late afternoon. The steep
increase in the ozone level during both the events after 6 a.m. can probably be attributed to the
early morning rush hour when there are more vehicle emissions. During both the ozone events, the
ozone concentrations decreased in the evening after sunset, whereas the NOx emissions increased
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(Figure 53 a) due to the evening rush-hour traffic. As seen in Figure 51, the diurnal variation in
ozone concentration prevailed during both the high and low ozone episodes. Ozone levels were
generally low in the early morning (before sunrise), late evening, and maximum during the
afternoon. The nocturnal ozone concentration significantly increased in the late evening of 5 June
and continued to be on the higher side during the early morning of 6 June. During this period, this
increase in the ozone concentration can be credited to higher levels of VOCs, superficial levels of
NOx, and higher temperatures. During the high ozone events, the nocturnal ozone levels, which
are the residual of the daytime ozone, persisted due to low NOx with which to react, as observed
in Figure 51 and Figure 55 a. During the high ozone episodes, the daily highest ozone level was
recorded on 4 June, followed by 6 June. At the same time, the lowest ozone concentration was
registered on the morning of 12 June, just before sunrise.
The weekend ozone effect (WOE) is when higher ozone concentrations are observed on
weekends, even though anthropogenic VOCs and NOx emissions are usually lower on weekends.
In the past (Pearson and Fitzgerald, 2001), research has established that ELP–CDJ does experience
WOE. The authors (Pearson and Fitzgerald, 2001) highlight some critical factors for ozone
formation in this region. One crucial factor, in this case, is the increased cross-border operation of
private and commercial vehicles, especially after the North American Free Trade Agreement
(NAFTA). Except for 4 June, which was a Sunday, the remaining three high ozone days were
observed on a weekday. The following Sunday, which was 11 June, and the next two days were
low ozone days. This specific observation of low ozone days hinted towards the involvement of
synoptic-scale meteorology, which is discussed in the subsequent section.
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5.2 HEAT DEFICIT CALCULATION DURING THE HIGH OZONE EVENT RELATIVE TO THE LOW
OZONE EVENT
Heat deficit, Hh (J m−2), is a measure of the atmospheric stability of a column of air with a 1
m2 cross-section that extends from the Earth’s surface (altitude in meters above sea level, S) to
height, h (m), and it is defined by Equation (1) (Whiteman et al. 2014).
%

𝐻% = 𝑐& $ 𝜌(𝑧)[𝜃% − 𝜃(𝑧)] 𝑑𝑧

(1)

'

Equation (1) shows that the heat deficit is the heat Hh (in J m−2) required to warm the air
column to the dry adiabatic lapse rate. Furthermore, in Equation (1), cp is the specific heat capacity
of air at constant pressure, 1005 J kg−1 K−1; z is altitude; r(z) is the air density as a function of
altitude; qh is the potential temperature at altitude h, and q(z) is the potential temperature as a
function of altitude. The air density and potential temperature data were taken from soundings
from the El Paso ozone campaign of 2017, wherein ozonesondes and radiosondes were launched
to monitor and analyze the air quality in the region. Vertical profiles were available for 5 June, a
day with a high ozone episode; however, since there was no weather balloon launch during the
low ozone events, the nearest possible day (9 June) data were considered for the analysis. It was
confirmed that 9 June was a low ozone day for the analysis using the National Ambient Air Quality
Standards (NAAQS). Figure 52 shows the heat deficit on a high ozone day (5 June) and a relatively
low ozone day (9 June) for ELP. The figure suggests that there is a more well-defined mixing layer
for the high ozone day that extends from the surface until 6 km. Above 6 km, the atmospheric
column becomes very stable according to the heat deficit. Overall, the heat deficit values for the
atmospheric column are lower for the low ozone day than for the high ozone day. This result
suggests that on the low ozone day, the lower atmosphere is less stable. This result is in good
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agreement with the observations made in (Whiteman et al. 2014), which indicate that pollution
episodes are triggered by an elevated heat deficit, which is a vertically integrated measure of the
stability in the atmosphere.

Figure 52: Heat deficit on high (5 June) and relatively low (6 June) ozone days for the ELP–CDJ
region. The solid line with the filled circles is the heat deficit on the high ozone day
of 5 June 2017 at around 1 p.m. The dashed line with the filled squares is the heat
deficit on the low ozone day of 9 June 2017 at around 1 p.m.
5.3 BEHAVIOR OF PM, NOX, VOCS, AND RELATIVE HUMIDITY DURING THE OZONE EVENTS
Throughout the study, a decreasing daily peak ozone concentration was observed from CAMS
12 (downtown) towards CAMS 49. This observation is quite significant since it shows a slightly
higher ozone concentration in the downtown ELP region than in the other parts. In their report,
(Einfeld and Church 1995) observed that the local terrain seemed to be favoring the ozone
accumulation in the downtown region relative to other locations because of the lower altitude
compared to the surrounding areas, resulting in a slightly higher ozone level in the downtown
region. The ELP–CDJ region forms a valley roughly a hundred meters deep below the surrounding
plateau, while the mountains (north of ELP and west of CDJ) protrude into the upper flow some
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700 m above the plateau Figure 51. The authors concluded in their report that the complex ridges
and valleys in this region possibly served to trap air masses with either ozone or its precursors,
thereby limiting the dispersal of the pollutants, contributing to high pollution days (Einfeld and
Church 1995).
Figure 53 a, b illustrates the diurnal evolution of PM (PM2.5 and PM10) throughout the episodes
under study. Higher PM concentrations characterize the period from 10 a.m. to 6 p.m. This period,
in general, reflects the buildup period of pollution. During the low ozone episodes, it was observed
that the concentration of PM2.5 (4 and 5 June) was on the higher side during this period. June 4 and
5 had clear sky compared to 6 and 7 June, which were cloudy, as seen in the ceilometer aerosol
backscattered profiles in Figure 13a. This spike in the PM2.5 concentration is due to the
photochemical production during a bright and sunny day. Whereas it was observed that 11 June
was a windy day compared to the other two low ozone events. The average wind speed on 11 June
was 9.44 m/s compared to 7.34 m/s and 7.66 m/s for 12 and 13 June, respectively, as observed in
Figure 9. Therefore, the higher concentration of PM10 can be attributed to high wind speed and
dust blown in the air.
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(a)

(b)
Figure 53: (a) PM2.5 concentrations and (b) PM10 concentrations during the high and
low ozone episodes. Data obtained from TCEQ CAMS 12.

When the local temperature and relative humidity are high, the atmospheric water vapor
concentration is high, and higher hydroxyl (HO) levels are associated with higher atmospheric
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water vapor concentrations (Calvert et al., 2015). The relative humidity during the high ozone
episodes was higher than the low ozone events Figure 54. This observation suggests that higher
concentrations of the HO radicals were available to produce more ozone during the high ozone
episodes than during the low ozone episodes for this event. The presence of precursors in the ELP
region, such as NOx and VOC, results from local emissions and transport into the region from
elsewhere. Ozone–NO–NO2 photo stationary state is a first-order approximation of ozone
concentrations in the troposphere, [𝑂( ] =

)%&" [,-" ]
*

[,-]

, where [𝑂( ] is the ozone concentration; 𝐽,-"

is the photolysis rate coefficient of nitrogen dioxide; 𝑘 is the rate coefficient for the reaction of
ozone with nitric oxide (O3 + NO → NO2 + O2); [𝑁𝑂/ ] is the nitrogen dioxide concentration; and
[𝑁𝑂] is the nitric oxide concentration. Note that the ozone concentration depends on the ratio of
the nitrogen dioxide and nitric oxide concentrations, and ozone concentrations may be increased
by atmospheric chain reactions that convert NO to NO2. Observations from the different CAMS
reveal lower NOx concentrations during the high ozone episodes. Table 4 shows that the average
VOC/NOx ratio is significantly higher on higher ozone days compared to the lower ozone days.
Ozone formation is the most efficient at VOC/NOx ratios near 10 (Fujita et al. 2013). Lower
VOC/NOx ratios lead to lower ozone concentrations.
Table 5. Average VOC/NOx ratio for both high and low ozone episodes.
Days

VOC/Nitrogen Oxides

High Ozone
4 June
5 June
6 June
7 June
Low Ozone
11 June
12 June
13 June

1.36
4.25
4.39
1.78
0.39
0.31
0.53
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Figure 54: Percent relative humidity (%RH) during the high and low ozone episodes for the city
of ELP. Data obtained from TCEQ CAMS 12. Contrary to most of the observations
in the past, %RH was higher during the high ozone days and lowered during the
low ozone days.
An in-depth analysis of the sources of the ozone precursors and their formation is beyond the
scope of this work; that said, from Figure 55, during the back-to-back high ozone episodes, the
local NOx concentration was on the low side compared to the VOC concentration. It should be
taken into consideration that the VOC site is at some distance from the UTEP site, and as our
previous observations suggest, the level of precursors seems to be decreasing as we move away
from the UTEP site towards the other sites located to the southeast direction. Lower emissions of
NOx in the city during the four successive ozone episodes sustained the higher O3 concentration
rate in the city. During the high ozone episodes, an increase in relative humidity after 5 p.m. was
distinctly observed.
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(a)

(b)
Figure 55: (a) The nitrogen oxides (NOx) concentration plot and (b) the total VOC
concentrations for the high and low ozone episodes for the city of ELP.
Data was obtained from TCEQ CAMS 12 and CAMS 41, respectively.

5.4 AEROSOL LAYER STRUCTURE AND ITS EVOLUTION DURING THE AEROSOL EVENTS
In some previous studies (Cuchiara et al. 2014; X.-M. Hu, Klein, and Xue n.d.), the updated
YSU PBL scheme within WRF has shown the excellent capability for capturing the night-time
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minimum near-surface ozone concentrations and its predictions when compared with the observed
values. The diurnal evolution of the PBLHs was observed for both the high and low ozone events,
as seen in Figure 56. Considering the advantage of the WRF YSU scheme over the other available
schemes, it was explicitly used in this region to obtain the hourly PBLH evolution. In addition, for
the first time in this region, the hourly values of the mixing heights were acquired from the
HYSPLIT model. Comparison of daily growth of the PBLH using WRF during the high ozone
episodes revealed that the early morning and late evening PBLH seemed to be shallower compared
to the low ozone episodes (Figure 56). As seen in Figure 56, the green, aqua blue, and red lines
corresponding to the PBLH during the low ozone days are higher than the high ozone PBLH lines.
This behavior suggests that the lower PBL must have caused the ozone precursors to be more
reactive, leading to the high ozone concentration that occurred during the daytime. However, the
growth rate of the PBL seemed consistent during both the extreme ozone events. The growth rate
of the convective PBLH appeared to be linear after the sunrise and peaks between 4 and 6 p.m.
The time at which the modeled PBL growth begins is the same for both the ozone events. The peak
of the simulated PBLH for the ozone events varied between 2000–2700 m. The daily peak PBLH
during the high ozone event coincided mostly around 4 p.m. local time apart from 7 June, which
peaked an hour later, as seen in Figure 56. However, the daily PBLH peak overlapped
simultaneously, around 5 p.m. local time, during all the three low ozone episodes.
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Figure 56. (Top) WRF-generated planetary boundary layer height (PBLH) plots for high ozone
days (4–7 June 2017) and low ozone days (11–13 June 2017) using the Yonsei
University Scheme (YSU) scheme; (bottom left) the PBLH in the early morning;
and (bottom right) the PBLH in the late evening.
The Vaisala ceilometer CL31 provides the aerosol backscatter (i.e., the signal strength versus
the height of the aerosol layer), which is then processed to calculate the cloud base and aerosol
MLH that can be used as a proxy for the PBLH. In Figure 57, the backscatter profiles for both the
back-to-back high and low ozone episodes are presented, as well as the estimated MLH using the
proprietary BL View software (Vaisala Oyj). During the four successive high ozone episodes, a
typical rise in the MLH during the daytime with strong convection in the afternoon and the
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presence of the residual layer during the nighttime and early morning hours before the sunrise can
be clearly seen in Figure 57 from the ceilometer data. A higher residual layer on top of the elevated
nocturnal boundary layer was observed on three successive low ozone days, as seen in Figure 57.
The diurnal variation during the low ozone events was not as clearly visible as the high ozone
events due to the horizontal homogeneity of the aerosol layer on 11–13 June 2017. Higher
concentrations of PM10 were recorded by CAMS 12 for those three days of the low ozone episodes.
Contrary to the PBLH obtained from the WRF, a distinct difference in the PBL structures
during the high and low ozone events was observed. The average MLH from 15–18 LT (maximum
PBLH in Figure 57 left) during the high ozone episodes was shallower (1164 ± 59 m) than the low
episode period (1990 ± 79 m) (Figure 57 right). The black dots in Figure 57 represent the detection
of the cloud base heights by the ceilometer roughly above 4 km. Clouds were detected on 6, 7, and
11 June, respectively, as also confirmed by the intensity of the aerosol backscatter.

Figure 57. (left) Aerosol backscatter heatmap time series profile for the high ozone episode
period. The black dots represent the cloud base detection, and the cyan dots are the
aerosol mixing layer height estimated by BL-View; (right) for low ozone days. b
represents the aerosol backscatter intensity.
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5.5 CORRELATION BETWEEN BOUNDARY LAYER HEIGHTS, OZONE, AND OTHER AEROSOLS
CONCENTRATIONS
All the data from the CAMS and modeled PBLH throughout this study were available as
hourly averages only. Hence it was convenient to use the 24 h averages of these data for the
correlation studies. The correlation of the tropospheric ozone with the temperature is well known.
The outdoor temperature of various monitoring stations is also closely correlated with other
meteorological variables, such as solar radiation, cloud cover, circulation, and atmospheric
stagnation. Calm winds accompany higher temperatures and cause the atmosphere to stagnate.
Higher temperatures are also associated with higher emissions of VOC due to higher rates of
vaporization of gasoline and other fuels, which tends to accelerate ozone production (Caputi et al.
2019; Morris et al. 2010; Shen, Mickley, and Gilleland n.d.). Hourly values of ozone, its
precursor’s concentrations, and PBLH were used to investigate is the correlation coefficient (R)
that shows the relation between the dependent variable (ozone and its precursors) and the
independent variable (PBLH). The correlation analyses with the modeled PBLH using ozone and
its precursor’s concentrations data are shown in Tables 6 and 7. It turns out that both the modeled
PBLHs (using WRF and HYSPLIT) show a higher correlation coefficient for ozone as compared
to its precursors, indicating a significant correlation between the modeled PBLHs and ozone. When
compared between the two modeled PBLHs, the WRF-derived PBLH (Table 6) showed a stronger
correlation to ozone than the HYSPLIT-derived PBLH. Correlations for 7 June seemed
consistently on the lower side for both cases.
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Table 6. The correlation coefficient (R) between the modeled PBLH (using WRF) and ozone
concentrations and its precursors during the high and low ozone days.
Days
High Ozone
4 June
5 June
6 June
7 June
Low Ozone
11 June
12 June
13 June

Ozone NOx

Total VOCs

0.59
0.48
0.73
0.57

0.26
0.30
0.00
0.01

0.33
0.49
0.29
0.05

0.68
0.44
0.30

0.46
0.25
0.16

0.34
0.27
0.32

Table 7. The correlation coefficient (R) between the modeled PBLH (using HYSPLIT) and
ozone concentrations and its precursors during the high and low ozone days.
Days
High Ozone
4 June
5 June
6 June
7 June
Low Ozone
11 June
12 June
13 June

Ozone

NOx

Total VOCs

0.40
0.36
0.42
0.28

0.12
0.19
0.02
0.00

0.11
0.40
0.51
0.00

0.56
0.45
0.46

0.48
0.25
0.11

0.20
0.23
0.37

5.6 ANALYSIS
A comprehensive study of the successive high and low ozone episodes in June 2017 was
performed using both models and instrumentation to analyze the major factors, e.g., meteorology
(focusing on PBL, synoptic) and ozone precursors, that contributed towards the ozone events.
This work was the first systematic and rigorous PBLH analysis performed during the ozone
episodes in the ELP–CDJ region made using the ceilometer aerosol backscattering and numerical
modeling. Ozone events from 4–7 June 2017 were classified as successive high ozone episodes,
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whereas 11–13 June 2017 ozone events were identified as low ozone episodes. This work
established the influence of the PBLH and other meteorological parameters on these ozone events.
The aerosol backscattered profiles indicate that the boundary layer played a significant role during
these successive high and low ozone episodes. An analysis of nearly two decades of data shows
that June is a good month for the ELP–CDJ airshed ozone events. The observed aerosol layer
height was shallow during the high ozone days and is instrumental in allowing ozone precursors,
such as NOx and VOCs, in accumulating and react due to the limited volume availability for
dispersion.
The relation between the PBLH and the diurnal pollutant evolution was established using
statistical analysis. For diurnal ozone variation, the WRF model performed better than HYSPLIT
during the high ozone episodes. The correlation coefficient (R) in Tables 6 and 7 indicated that the
PBLHs variation could explain 48% to 73% of the observed ozone during the high ozone episode
period. Whereas only one-day changes in the PBL had an R higher than 50% for the low ozone
period, PBL height development was not modulating the diurnal ozone evolution. WRF
simulations showed that during the early morning and late evening, the PBLHs were lower during
the high ozone events than the low ozone events. These simulation results were consistent
throughout the high and low ozone episodes, respectively. Other than 11 June, all PBLHs showed
a constant growth rate between 8 a.m. and 11 a.m. Modeled and observed PBLH growth showed
a difference in behavior. This difference was attributed to the way PBLH is defined for each.
The heat deficit calculations provided a greater understanding of the atmospheric stability
during the high and low ozone episodes. A high ozone day exhibited strong atmospheric stability
and a high-pressure ridge, whereas the lower atmosphere was less stable during the low ozone
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episodes. The high atmospheric stability also affected the vertical dispersion of ozone and its
precursors, leading to pollutant build-up within the stable air mass.
High temperatures and clear skies ensured abundant sunlight for the photochemical
reactions necessary to produce high ozone concentrations. Lower wind speeds permitted the
significant accumulation of ozone and its precursors, resulting in lower dispersion rates. The
consistent beginning of the ozone growth starting from 6 a.m., during both the high and low ozone
events, resulted from the early morning peak traffic hours in the region.
This study demonstrates the importance of continuous boundary layer monitoring in the
ELP–CDJ region. This result can be achieved using aerosol backscattered profiles from compact
and lightweight remote sensing instruments, such as a ceilometer, and modeling simulations using
HYSPLIT (with WRF as input) and WRF.
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Chapter 6: Virga Detection in EPJA
6.1 WHAT IS VIRGA?
El Paso has just over 70 days of rain throughout the year. The city typically receives 5.14
inches of rain from June through September, typically the monsoon season. About half an inch
usually falls in June, 1.66 inches in July, and light rain in September. Rest of the year, El Paso
experiences dry seasons. The daily chance of precipitation is high in August, followed by July and
September, as seen in Figure 58 below. Starting from June to October, the daily chance of
precipitation for this region is above 10%, and it peaks around the end of July and the first week
of August with a maximum of 30% chance of precipitation. At times, predominant high-pressure
systems suppress rainstorms during the monsoon season, leaving the EPJA region hot and dry. In
short, Spring, Fall, and Winter seasons in EPJ are dry with a low percentage of relative humidity.

Figure 58. Daily chance of precipitation for the city of El Paso (Source: weatherspark.com)
Meteorologists define precipitation as any form of water (liquid or solid) that falls from the
sky and reaches the ground Figure 59. Rain, drizzle, hail, snow are typical examples that we
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experience in our daily life. However, there is a unique form of precipitation that never reaches
the ground called virga. Petterssen (1958) (Introduction to meteorology. By Sverre Petterssen,
New York (McGraw-Hill), 1958. Pp. ix, 327, 213 Figs.; 14 Tables; 52s. 6d. 1959) provided a very
first typical definition of virga as “occasionally, rain is seen to fall out of clouds and completely
evaporate before it reaches the ground. Such streaks of precipitation are called virga.” Alistair and
Craig (1991) (Is Virga Rain That Evaporates before Reaching the Ground? in Monthly Weather
Review Volume 120 Issue 8 (1992) n.d.) wrote, “by virga, we mean a sudden change in brightness
of a precipitation shaft below a cloud.” In short, virga is essentially rain or snow that did not make
it to the ground. Dry microbursts are another term used to refer to virga events.

Figure 59. Description of virga event, courtesy: National Weather Service (NWS) El Paso
Interestingly, not much about virga can be found in literature, and very little research has
been conducted on this phenomenon. One of the critical factors for precipitation is the acceptable
moisture content between the ground and the cloud base. These humid conditions facilitate the
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precipitation falling from the clouds to make it to the ground. However, when the layer of air
between the cloud base and the ground is dry, precipitation will evaporate before reaching the
ground. This evaporating precipitation appears as streaks extending down the cloud. Due to
evaporation, the dry air between the clouds and the ground level cools and becomes denser. Hence
it sinks toward the ground faster, leading to high-intensity wind gusts.

6. 2 A TYPICAL PRECIPITATION DETECTION USING A CEILOMETER
Though ceilometers were principally designed to detect vertical visibility and cloud base
height, they offer an encouraging prospect of detecting the rain when combined with other surfacebased instruments. A ceilometer is an active profiling system that uses the backscattered return
signal attenuated by the raindrops based on their size and number (Rocadenbosch et al. 2020).
Usually, the ceilometer uses a temporal and spatial averaging algorithm to eliminate the distorted
backscatter profiles from clouds and precipitation. However, the algorithms in the BL-view
software identify these strong signals from clouds and precipitation and excludes them from
averaging process. Figure 60 a specific precipitation event recorded on 05 January 2016 by the
CL31 located at UTEP. Starting from 00 to 0700 UTC, the ceilometer detects a clear cloud base
around 1 km above the ground surface. Since the lase used by the CL31 is not a powerful one, it
cannot penetrate the depth of this cloud layer, and hence no signal is visible above 1 km during
the previously mentioned time. A robust vertical intensity signal (red) can be seen around 0800
UTC until 1300 UTC, dominating the backscatter signal from other aerosol layers. This signal can
be seen starting from the base of the clouds (black dots), which confirms rain. Between 1000 UTC
to 1300 UTC, precipitation can be observed coming down from the higher clouds, around 0.5 km
above the previously detected clouds. Starting from 1400 UTC to 2200 UTC, low-level clouds can
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be observed with an elevation of fewer than 0.5 km, with some precipitation occurring at 1500,
1900, and 2000 UTC. After the first precipitation phase at around 1300 UTC, an intense (green)
aerosol layer can be observed under the cloud layer for the rest of the day. The increase in humidity
in the air was a significant contributor to this increased aerosol signal. The CAMS 12 at UTEP
recorded hourly precipitation of 0.01, 0.02, 0.10, 0.03, and 0.04 during the event as indicated by
the ceilometer, thus confirming the successful detection of the rain using the backscatter profiles.

Figure 60. A typical precipitation event with lower cloud base heights was observed on 05
January 2016 at UTEP. The time scale is in UTC
6.3 A SIMPLE METHOD OF VIRGA DETECTION
Remote sensing techniques such as radio detection and ranging (RADAR) are frequently
used extensively in precipitation analysis. The Weather RADAR technique measures the location
and intensity of the precipitation, whereas Doppler-RADAR is used to analyze horizontal winds.
Some conventional studies have emphasized more on identifying and estimating rainfall
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interception using instruments such as ceilometers. Even after being a commonly observed
phenomenon in certain regions, highly focused studies on virga events are scarce. Only a handful
of studies so far investigating virga events used ground LIDAR or RADAR observations (Evans
et al. 2011). Some also used cloud profiling radar (CPR) on the CLOUDSAT satellite to conduct
a global virga precipitation distribution (Cheng and Yi 2020). However, there is no simple method
to detect virga using simple ground-based, readily available data sources. Czikowsky et al.
developed a new method for observing interception over an old-growth forest in the Amazon
region (Czikowsky and Fitzjarrald 2009). One of the goals of their study was to identify different
precipitation patterns using ceilometer backscattering information. Detailed observations and
pointers from these studies were combined and, a simple method of virga detection is proposed.
This method uses ground-based ceilometer aerosol backscattering profiles, readily available NWS
daily sounding profiles, regional NOAA weather radar profiles, and local meteorological
parameters from the nearest air quality monitoring stations.

6.3.1 Virga detection using Ceilometer
The virga precipitation in this work is defined as the robust aerosol backscatter signal
below the cloud base, eventually decreasing in strength as it moves closer to the ground. This
precipitation can be seen in the backscatter intensity profile Figure 61 below. The ceilometer
detects the cloud base height denoted by solid black dots and the precipitation shaft denoted in red,
indicating a strong backscatter signal just below the cloud base. However, as observed, the
intensity is not consistent throughout its downward journey, and it decreases, denoted by green
and blue colors closer to the earth's surface. This loss in intensity is a clear indication that what
started as precipitation evaporated before reaching the ground. Information from the ground-based
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CAMS is used to validate if any precipitation is recorded then. Also, different meteorological
parameters such as dew point temperature, relative humidity, temperature, and max wind gust are
analyzed to understand changes near the ground level. Virga takes place when the air between the
clouds and the ground surface is dry. The dryness of this intermediate layer was confirmed by
analyzing the soundings from the nearest NWS. The large gap between the dew point temperature
and temperature indicates this dryness in the air. The final confirmation about the precipitation
accumulation in the clouds is verified using the Weather RADAR at the same NWS station at
Santa Teresa, New Mexico, just a few miles away from where the virga detection was done.

Figure 61. Aerosol backscatter profile for three consecutive days 26-28 January 2017. Virga
event can be observed on 27 January morning
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6.2 VIRGA EVENTS IN EPJA
Some of the driest months for EPJA are January to mid-June and October to December,
when the daily precipitation chance is lower than 10%. Desert conditions in the EPJA during these
months present favorable conditions for the average occurrences. There are some clear pictures of
the virga event captured by the enthusiastic photographers of this region available online. Figure
62 and Figure 63 are the pictures taken by the author himself on two different occasions. Figure
62 captures a virga event on 25 January 2020, where none of the TCEQ ground CAMS recorded
any precipitation, but as clearly seen in the picture, precipitation shafts can be seen coming down
but disappearing before making it to the ground. Another such event was captured on 10 March
2016, as seen in Figure 63. Both events confirm that virga is a common phenomenon in this region
due to favorable conditions during certain months of the year.

Figure 62. Virga event captured on the southeast side of the city on 25 January 2020. Shafts of
rain can be seen coming down from the clouds but not reaching the ground.
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Figure 63. Another virga event captured on 10 March 2016 from the scenic drive is one of the
city's high elevations points.
Further analysis of the vertical atmospheric profile from the radiosonde launched from the
nearest NWS indicates a layer of dry air between the surface and cloud base, as seen in Figure 66
and Figure 74. This air dryness is specified by the significant gap between the temperature (red
line) and dew point temperature (blue line). However, as we approach the cloud base, these lines
get closer to each other or go parallel, indicating the presence of cloud and precipitation. Radars
can help investigate and confirm the occurrence of a virga event. Precipitation is visible on radar
during the virga event but not measured by the ground stations. Based on a similar analysis, a total
of 25 virga events were observed and recorded by the ceilometer located at UTEP from March
2015 – December 2019, Figure 64. This study will be a first-ever formal, extensive scientific
observation and recording of virga events reported for the EPJA. Observations indicate that the
event occurrence has been observed during the dry months of the year for this region.
In the following section, two examples of virga events with controlled meteorological
conditions have been examined in detail in the form of case studies. This study aims to detect the
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event successfully, observe the changes in various meteorological parameters, including the
PBLHs and study its influence on regional air quality.

Figure 64. Total virga events were observed and recorded by the ceilometer at UTEP from
March 2015 – December 2019.
6.2.1 Case Study: 11 January 2016
The figure below shows the aerosol backscatter profile from ceilometer CL31 observed on
11 January 2016. All the observations are made in UTC for a successful comparative study
between various datasets. The cloud layer (denoted by solid black dots) is first detected at 3.5 km
around 0100 UTC and then between 2.5 to 1.5 km till 0900 UTC, as seen in Figure 65. The
precipitation streaks with high backscatter intensity values (in red) appeared continuously below
the base height of the cloud layer, with an eventual decrease in intensity as it approached closer to
the ground level (red indicating high, then yellow indicating medium and blue indicating low
intensity) indicating the virga precipitation.
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Figure 65. Virga Event observed on 11 January 2016. Note the virga is visible from 0500 UTC to
0900 UTC.

Radiosonde data from the nearest NWS (~ 20 km away from the UTEP campus) illustrated
the ambient conditions during the 11 January virga event. Since the radiosondes are launched at
00 UTC and 1200 UTC twice a day, we have two vertical profiles available for analysis. However,
we miss the intermediate information, especially at 0600 and 0900 UTC. Figure 66 shows the
Skew-T plot for 00 UTC and 1200 UTC, i.e., 5 pm and 5 am local time (MST). At 00 UTC (left),
both the temperature (red line) and dew point temperature (blue line) above the ground level are
away from each other indicating lack of moisture in the air. The rain falling from the clouds into
this dry layer results in evaporation cooling and gives the virga event. On the contrary, 1200 UTC
(right) shows both temperature and dew point temperature lines very close (almost running
parallel) to each other, indicating moisture content in the air, which is obvious since the virga event
has already occurred.
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Figure 66. Vertical profile 00 UTC (left) and 1200 UTC (right) for 11 January 2016 from El Paso
NWS.

The regional radar at NWS Figure 67, Santa Teresa, shows precipitation at 0900 UTC over
EPJA, but the ground's precipitation is very light or non-existent because the CAMS 12 UTEP did
not detect any precipitation for 11 January 2016. The evolution of virga can be studied using the
ground data of meteorological parameters from CAMS 12 UTEP. In Figure 69, Figure 70, and
Figure 71, we have 72 hours of data observation to analyze the situation before, during, and after
the virga event. The dashed lines on each of the figures indicate the virga event. Temperature is
higher at the beginning of the event but falls as the evaporation of the precipitation takes place.
Ground-level percent humidity during the virga event goes up, indicating a higher moisture
concentration in the air. Humidity peaks during the end of the virga event and starts declining
rapidly after that. However, the effect of this higher humidity can also be seen on the evolution of
the PBL in Figure 65. As observed, a shallower PBL can be seen after the virga occurrence, with
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a maximum PBLH around 1200 m. Wind speed and maximum wind gust show a sudden rise during
the event, indicating the sinking air hitting the ground and moving horizontally outwards.

Figure 67. Radar profile showing rain accumulation around EPJA on 11 January 2016.

Figure 68. Diurnal temperature pattern (orange) and percentage relative humidity (green) from
10-12 January 2016. The dotted line indicates the rough duration of the virga event.
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Figure 69. Diurnal temperature pattern (orange) and wind speed (dark purple) from 10-12
January 2016. The dotted line indicates the estimated duration of the virga event.

Figure 70. Diurnal pattern of maximum wind gust (blue) and dew point temperature (maroon)
from 10-12 January 2016. The dotted line indicates the estimated duration of the
virga event.
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Figure 71. Diurnal pattern of PM2.5 (red) and PM10 (violet) from 10-12 January 2016. The dotted
line indicates the estimated duration of the virga event
The Lifting Condensation Level (LCL) is the level at which a parcel becomes saturated,
i.e., the relative humidity (RH) of an air parcel reaches 100% concerning liquid water when it is
cooled by dry adiabatic lifting. It is a reasonable estimate of cloud base height when parcels
experience forced ascent. Using the ground data, LCL was calculated to estimate the base of the
clouds during the virga event. Lawrence formula and its improved version were used for the LCL
calculations (Lawrence 2005; Romps 2017).
ZLCL = Z + (125 m K-1) (T-Td)
Lawrence formula, where ZLCL is the height of the LCL, Z initial height of the parcel
(elevation of the measuring site can be used), T is the temperature in Kelvin and Td dewpoint
temperature of the parcel in Kelvin. Details of the improved Lawrence LCL formula can be found
in (Romps 2017).
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Figure 72. Hourly LCL heights for 11 January 2016 using Lawrence formula and its improved
version.
As in Figure 72, the LCL is in good agreement with the cloud base height detected by the
ceilometer till 1600 UTC and then rapidly shoots up to 4 km, whereas the ceilometer PBLH is way
below 2 km. Compared with the RH hourly values, it is observed that if the RH values are high,
LCL height is a good representative of the cloud base height. However, as soon as the RH values
fall, LCL height goes up and is no longer a good representation of the PBL cloud heights or the
PBLHs.
6.2.2 Case Study: 31 March 2015
The second case is 31 March 2015, where virga is observed from 2000 UTC to 2200 UTC
Figure 73. The downward shaft, in this case, looks more like a column from the cloud base to the
surface of the earth. The backscatter intensity is strong (red color) for a km below the cloud base,
indicating precipitation. However, after that, the signal strength decreases (green color), indicating
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the evaporation of the precipitation. Signal strength decreases even further as soon as it enters the
PBL. Even in this case, the observed daytime PBL is shallow, not more than 1.5 km.

Figure 73. Virga Event observed on 31 March 2015. Note that the virga shaft is visible from
2000 UTC to 2200 UTC

The vertical profiles from radiosonde shown in Figure 74 the layer of air below the cloud
base to be extremely dry, one of the conditions favorable for virga occurrence. 1200 UTC profile
also indicates a dense and deep cloud layer. Observation from the weather radar show accumulated
rain around EPJA Figure 75, but the ground instruments record no precipitation. The temperature
during the virga event goes up, and lower relative humidity is observed; however, the RH goes up
as soon, marking the increase in air moisture due to evaporation of precipitation Figure 76.
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Maximum wind gust picks up during the second half of the event, whereas the dew point
temperature shows a cyclic pattern Figure 77. There is a sudden increase in the PM levels at the
end of the virga, which could also be the left-over aerosol nuclei after the moisture evaporation
Figure 78.

Figure 74. Vertical profile 00 UTC (left) and 1200 UTC (right) for 31 March 2015 from El Paso
NWS.
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Figure 75. Radar profile showing rain accumulation around EPJA on 31 March 2015

Figure 76. Diurnal temperature pattern (orange) and wind speed (dark purple) from 30 March –
01 April 2015. The dotted line indicates the estimated duration of the virga event.
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Figure 77. Diurnal pattern of maximum wind gust (blue) and dew point temperature (maroon)
from 30 March - 01 April 2015. The dotted line indicates the estimated duration of
the virga event.

Figure 78. Diurnal pattern of PM2.5 (red) and PM10 (violet) from 30 March – 01 April 2015.
The dotted line indicates the estimated duration of the virga event.
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6.3 ANALYSIS
Despite being a frequently observed phenomenon in this semi-arid region, virga is not
comprehensively studied. This study is the first of its kind extensive analysis of the virga events
in the EPJA. A new method of identifying virga events is proposed using the ceilometer combined
with the ground station data and vertical profiles from the radiosondes. Twenty-five virga
occurrences were recognized from March 2015 to December 2019 using the methodology
mentioned above. Maximum cases of virga were observed in January, followed by March and
April. The events transpired at altitudes 1.5 to 4 km and lasted for more than 2 hours. Cloud base
heights during the events varied from 2 to 4.5 km. The evaporation of precipitation even before
reaching the ground, especially in a semi-arid region like EPJ, may lead to considerable
overestimating rainfall by the regional weather radar, but the ground stations might not report any
precipitation.
Two observations with steady meteorological conditions were presented in detail to
illustrate the observed virga event in the EPJ desert region. They exhibited some standard features,
especially with the ceilometer profiles and vertical radiosondes, where the event can be identified.
This observation was a common feature that was observed in all the 25 virga events. A 72-hour
analysis of the two case events indicated that the virga event started with clear-sky conditions until
obvious precipitation appeared. The LCL heights are in good agreement with the cloud heights
observed by the ceilometer only when the relative humidity (RH) at the ground level is 50 % or
more. In most of the cases, a shallower PBL structure was observed after the end of the virga event.
The increase in moisture level at the surface during the virga event cools the air below the clouds,
hence restricting the growth of the PBL. The direct implication of the lower PBLH means an
increase in the pollutant concentration, assuming the emissions remain constant. Overall, this study
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shows that virga is not uncommon in semi-arid regions like EPJ and cannot be disregarded when
monitoring rain.
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Chapter 7: Synoptic and Mesoscale Atmospheric Circulations and Ozone Concentrations
Meteorological conditions that strongly affect the air quality of any region comprise
transport of pollutants by intense winds, recirculation of air by local wind patterns, and horizontal
dispersion of pollution by the wind gusts. Variations in sunlight due to clouds and seasonal cycles
and vertical mixing and pollution dilution within the atmospheric boundary layer; diurnal
temperature cycles and moisture levels in the air significantly alter regional pollution levels. The
variability of these processes is primarily governed by the movement of large-scale pressure
systems, complex regional topography, and the routine heating and cooling cycle.
Weather phenomena at different scales play a crucial role in affecting regional air quality.
Systematic weather analysis and forecasting demand an in-depth understanding of various
processes and phenomena acting on various spatial and temporal scales. Weather observations
taken synoptically at several weather stations worldwide can be drawn on a weather map to
interpret the information. Surface weather maps help in summarizing weather conditions and
patterns that affect our daily life. We receive vital information, such as the precipitation, the snow,
cyclones, hot and humid, or windy and dry places from these charts. In addition, they provide us
raw weather reports, and surface weather charts also help us analyze critical features such as air
masses, the center of low and high pressure, and frontal passages (Stull 2016).
The photochemical reaction essentially controls ozone found at the surface, and since EPJA
receives maximum sunlight in the summer, all the observations related to the large-scale
meteorological events were performed in the summer season. EPJA has not recorded any ozone
episodes in the spring or fall season as per the list of all the high ozone events between 2000-2017
provided in (Karle et al. 2020b). The variability of ground-level ozone level also depends on
photochemistry (Seinfeld and Pandis 1998). Nevertheless, ozone levels also highly depend on
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meteorological factors such as PBL depth and large-scale atmospheric circulations. No extensive
synoptic climatology studies have been conducted for the EPJA region in the past, even though
significant studies have hinted of a possible correlation. Therefore, large-scale atmospheric
circulations were studied during the high and low ozone events observed in the EPJA between
2013 - 2019. A total of 57 high ozone events during this period were stratified into several synoptic
and mesoscale categories, and a thorough climatological investigation was conducted. Since the
study was performed for a large-scale weather phenomenon, Paso del Norte (PdN) region was
examined instead of just EPJA for a broader perspective.

7.1 ALOFT PRESSURE PATTERNS
General observations have concluded that the ceilometer estimated PBL data performs its
best during days with minor to no disturbances/perturbations to the weather field within a
homogenous air mass. This observation would be realized from a good start at sunrise with a stable
surface inversion capping the PBL and a normal progression of solar insolation inducting surface
heating and thermals to push upward at a dry adiabatic lapse rate of 10 C/km peaking in the late
afternoon allowing light to moderate winds to mix down. It appears that whenever there is a
synoptic/meso/local atmospheric feature such as an upper trough passage and a cold frontal
passage, rain showers and or thunderstorms, blowing dust and variable wind in time both in
direction and speed, degrades the PBL calculation. Interestingly, on several days when the surface
inversion was shallow with immediate higher winds aloft, there was a lousy data day with lowlevel wind shear. This observation suggests that a variable and turbulent wind profile (probably
blowing overnight with a temporary ceasing around sunrise) started immediately to mix down
higher momentum winds as the solar insolation increased immediately rather than gradually
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providing the PBL with turbulence early for the rest of the day. A typical setup for spring wind
leading to turbulence, noise, and possible dust. This trend may become a pattern for bad data days
in part. A surface Pacific cold front with an associated upper air trough of low pressure just to the
west in Arizona with enough solar insolation to set a dry adiabatic lapse rate of 10 deg. C/km to
rise and provide a PBL with moderate to high winds. The exemplary data days appeared to have
had general uniform homogeneous winds mainly from the W or WNW with a dry atmosphere and
overall stability with little to no turbulence.
Figures 79 - 91 contributed towards our PBL and synoptic analysis of the bad day's data.

7.1.(a) 07 May 2019

Figure 79. 07 May 2019, synoptic-scale surface map of North America.
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Figure 80. 07 May 2019, 500 mb map with wind details.

Figure 81. Radiosonde data launched at 6 AM MST from the Santa Teresa weather station.
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Notice a somewhat shallow inversion with higher winds ready to start the mixdown 200 meters
above the ground. By late afternoon note how the dry adiabatic lapse rate has reached 500 mb
about 15K feet above the ground with a mixed active wind profile Note 00Z, eight May is 6 PM
MDT 7 May.

Figure 82. A skew-T plot of Radiosonde profile launched at 5 PM MST, 07 May 2019
7.1.(b) 08 May 2019
This following day the front is weakening to the east, but the upper air trough still is in the
process of coming across, so the winds continue.

115

Figure 83. 08 May 2019, synoptic-scale surface map

Figure 84. A skew-T plot of radiosonde data launched at 5 AM MST, 08 May 2019
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Figure 85. 500 mb synoptic-scale map of North America

Figure 86. Skew-T plot of 5 AM MST radiosonde data, 08 May 2019
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Note the 12Z (5 am MDT) sounding above. The winds continued all night, and there
was barely any surface inversion on the sounding in the morning with moderate wind
right above the shallow inversion.
Make a note of this profile as on non-significant weather days; winds will be light
for a good depth in the atmosphere in the morning with the surface inversion burning off around
10-11 AM, missing downlight to moderate winds. However, with a disturbance (upper air trough
and associated surface cold front), vigorous mixing begins with a noisy day of winds and potential
blowing dust to perturb the ceilometer readings.

Figure 87. A skew-T plot of 5 PM MST radiosonde data, 08 May 2019
This sounding is for the afternoon of 8 May and shows just like on 7 May, a deep wellmixed moderate to active PBL wind profile existed to 500 mb.
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7.1.(c) 10 May 2019

Figure 88. 10 May 2019, surface synoptic-scale map

Figure 89. 500 mb map, 10 May 2019
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The figure above shows the upper trough to the west with moderate to strong winds aloft.
Again, little to no surface inversion in the morning (see next image) with moderate winds mixing
down. By afternoon in the PBL, under 700 mb, winds were quite variable in speed and
direction.

Figure 90. Skew-T plot of 5 AM MST radiosonde data, 10 May 2019
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Figure 91. Skew-T plot of 5 PM MST radiosonde data, 10 May 2019
Synoptic scale atmospheric circulations aloft play a critical role in affecting regional and
local weather conditions. In this study, 500 mb level is used to evaluate the aloft large-scale
pressure systems. This analysis focuses on the location, size, intensity, and movement of 500 mb
high-pressure ridges and low-pressure troughs. A review of surface and upper-air maps was
performed to identify and diagnose the existence of ridges and troughs over the PdN region. Figure
92 and Figure 93 are the 500 mb height contour and surface weather map of 07 August 2019, a
high ozone episode recorded by various CAMS in El Paso. The contours chart at 500 mb height in
Figure 92 shows contours heights (solid black lines), temperatures (dashed red lines) and winds
(blue arrows) at the 500 mb pressure level at 1100 UTC. The height contours show the 500 mb
pressure level above sea level and isotherms in degrees Celsius. Arrows show the wind direction
and speed at the 500 mb level. The surface weather Map Figure 93 shows station data and the
analysis for 1100 UTC. The weather reports displayed in the chart below are only a fraction of the
overall analyses but serves as a general representation.
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Figure 92. High ozone day 07 August 2019

Figure 93. Surface weather map at 1100 UTC for 07 August 2019
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In Figure 92, a high-pressure ridge was seen over the PdN region. In other cases of high
ozone events, similar observations are made of a high-pressure ridge predominantly around the
parts of New Mexico and Arizona state, i.e., towards the west, northwest part of the PdN. This
synoptic-scale pattern was a common observation for most of the high ozone events studied for
this work.
7.2 ANALYSIS OF THE ATMOSPHERIC STABILITY DURING THE HIGH OZONE EPISODES
Atmospheric thermal instability plays a significant role in determining an air parcel's
vertical motion, and on the contrary, stability suppresses this motion. Convective available
potential energy (CAPE) is the amount of energy available to a parcel as it freely rises between
the level of free convection (LFC) and the equilibrium level (EL). The CAPE is non-zero only if
LFC exists. It is expressed as Joule/kg. CAPE of 0 indicates a stable atmosphere, while CAPE of
less than 1000 shows marginally unstable conditions. CAPE of 1000-2500 refers to moderately
unstable conditions, CAPE of 2500-3500 indicates precarious conditions. CAPE of more
prominent than 3500 is volatile conditions.
As seen in the figure below, Figure 15, CAPE values from the radiosonde dataset obtained
from the nearest NSW suggest atmospheric stability for most of the ozone events. This also
supports the ground-based wind speed measurements, which were on the lower side (calm winds).
There were a few events when the atmosphere had marginally unstable conditions. Except for one
occurrence on July 11, 2013, at 12Z, the CAPE value was 1093 Joule/kg, indicating moderately
unstable atmospheric conditions. This moderate nonlocal conditional instability must have
occurred when a temperature inversion capped warm, humid atmospheric boundary layer air.
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Figure 94. CAPE values from the Santa Teresa, NWS daily soundings. Most of the days had
CAPE values between 0-150, indicating highly stable atmospheric conditions

Figure 95. A vertical profile from July 11, 2013, at 1200 UTC. The CAPE value was the highest
observed during this entire study period
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Figure 96. Surface Analysis chart of July 11, 2013, at 1200 UTC
7.3 CLOUD COVER
Pollutant concentrations are affected due to rain, fog, and clouds in a variety of ways.
Clouds form when air is cooled, and water vapor condenses. This cooling can be caused by rising
motion or contact with a cool surface such as a body of water or cool land during the night. Rising
motion is generated by aloft low-pressure systems, frontal boundaries, air flowing over mountains,
and convective instability (warm air below cooler air). Clouds are important because they typically
reduce the amount of sunlight available for photochemical reactions that participate in ozone and
PM2.5. The average percentage of the cloud cover over the PdN region signifies mild seasonal
variations over the year. As seen from Figure 97, this region experiences clearer skies around midMarch and lasts for around 4 months. The cloudier part of the year begins and continues till
September and from November till March.
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NASA’s worldview was used to analyze the cloud cover over the El Paso and neighboring
regions during high ozone episodes. NASA’s Terra satellite images were used for this visual study.
Terra orbits 705 km above the earth’s surface with 16 orbits per day. Images obtained represented
the average upper air visuals for the day. Total days were categorized into cloudy days, partially
cloudy days, and clear days, as seen in the figures below, respectively. We observed that 46% of
the total ozone episodes occurred on a clear day, whereas 37% of events occurred on partially
cloudy days. Also, there were 17% occurrences of high ozone episodes during cloudy days Figure
98.

Figure 97. The percentage of time spent in each cloud cover band, categorized by the percentage
of the sky covered by clouds.
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(i). Clear day, 15 July 2019

(ii). Clear day, 15 July 2019, at 12 pm.
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(iii). Partial cloudy day, 23 June 2016

(iv). Partial cloudy day, 23 June 2016 at 12 pm
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(v). Cloudy day, 10 July 2017

(vi). Cloudy day, 10 July 2017, at 10 am
Figure 98. Satellite images of the PdN region during some of the high ozone events
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7.4 WINDS AND TRANSPORT
Winds can be described as large-, regional-, and local-scale. The pressure gradients drive
the large-scale winds between surface high- and low-pressure systems. Light, regional, surface
winds often occur near the center of the surface-high, below the ridge of high pressure, where
pressure gradients are weak. Light winds are not effective at dispersing pollutants and, therefore,
often occur during high pollutant concentrations. Moderate to strong winds occur between surface
high- and low-pressure systems or near the center of low-pressure systems, provided that moderate
to firm pressure gradients exist. Moderate to vigorous surface winds act to disperse pollution and
thus are typically associated with low pollutant concentrations. However, high pollutant
concentrations can occur during moderate to strong wind conditions if the winds transport
pollution from one region to another.
Local winds are driven by the interaction between the large-scale pressure patterns and
local forcing mechanisms. The local forcing mechanisms are driven by the diurnal temperature
cycle and topography. Local winds tend to dominate over the large- and regional-scale winds when
the large-scale pressure patterns are weak (i.e., at the center of a surface high pressure). The local
winds may include land breezes, sea breezes, morning downslope flows, afternoon upslope flows,
and terrain channeled flows, which can combine in various ways to recirculate air and cause
stagnation.
This investigation utilized two different criteria: first, locate the CAMS station in the region
that has recorded most of the 57 high ozone episodes in this region and analyze the wind direction
and speed recorded by that station. UTEP, CAMS 12, is one of the fully functional CAMS in the
El Paso region. It is located very close to the UTEP campus and has also reported most of the high
ozone episodes that are part of this study. For this study period, all the high ozone events recorded
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by CAMS 12 were summarized in the form of wind roses representing the respective year they
were recorded. Wind roses are the data maps that show the general wind direction and speed for
each sampling period. The wind's circular format shows the direction the winds blew from, and
the length of each spoke around the circle shows how often the wind blew from that particular
direction (www.epa.gov). During the ozone events, the wind directions were also a strong indicator
of the direction of the incoming ozone and its precursors, as recorded by the CAMS 12.
As seen below for CAMS 12, each Figure 99 represents wind roses for the respective year.
Data were examined in the light of the daily hourly average wind speed and direction measured at
CAMS 12. In general, surface winds were calm during high ozone days, with minimal exceptions.
This was expected because calm winds do facilitate the accumulation of precursors and their
ozone-producing reactions. As seen in the figure, wind direction during the high ozone episodes
tended to be East, East-southeast, and Southeast.

(a) A wind rose to represent all the high ozone events that occurred in the year 2013 as
recorded by CAMS 12
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(b) A wind rose to represent all the high ozone events that occurred in the year 2014 as
recorded by CAMS 12

(c) Wind rose to represent all the high ozone events that occurred in the year 2015 as
recorded by CAMS 12
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(d) Wind rose representing all the high ozone events that occurred in the year 2016 as

recorded by CAMS 12

(e) A wind rose to represent all the high ozone events that occurred in the year 2017, as
recorded by CAMS 12
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(f) Wind rose representing all the high ozone events that occurred in the year 2018 as

recorded by CAMS 12

(g) Wind rose representing all the high ozone events that occurred in the year 2019 as
recorded by CAMS 12
Figure 99. Wind roses for 2013-2019 (a-g) as recorded by CAMS 12, UTEP
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7.5 SYNOPTIC AND MESOSCALE ANALYSIS DURING 2017: A CASE STUDY
Wind plays a crucial role in forming and dispersion of ground-level ozone by carrying the
pollutant and its precursors away from the source (Pearson and Fitzgerald 2001). In general, wind
speed is directly proportional to the dispersion of pollutants and hence with intense winds blowing,
pollutants are flushed out of the region. However, there is a disadvantage of high-speed winds
because they also tend to carry dust particles a long with them especially in the dry semi-arid
region such as EPJ which is located in the Chihuahua desert. Wind data obtained from the CAMS
12 station revealed that winds were calm during the high ozone episodes, whereas strong winds
were recorded during the low ozone episodes. This was expected because calm winds facilitate the
accumulation of precursors and their ozone-producing reactions, whereas strong winds dilute the
precursors and disperse them from the region. However, this behavior of the winds was observed
only during the daytime hours when the ozone episodes took place. Erratic behavior of the wind
was noted during the remaining hours. Wind roses were used to characterize the speed and
directions of the winds during the ozone events. The wind directions during the ozone events were
also a strong indicator of the direction of the incoming ozone and its precursors as recorded by the
CAMS 12. Figure 100 and Figure 101 are the wind roses from the CAMS 12 station. Wind
direction during the high ozone episodes tended to be E, ESE, and SE, and for the low ozone
episodes W and NWN, which is consistent with observations made in the study conducted by the
National Oceanic and Atmospheric Administration (NOAA’s) Earth System Research Laboratory
(ESRL) group (Wilczak et al. 2009).
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Figure 100: Wind roses for (top left) 4 June, (top right) 5 June, (bottom left) 6 June, and (bottom
right) 7 June, providing details of the percentage (%) frequency of the wind speed
from a direction as recorded at the TCEQ CAMS 12 (UTEP) during the successive
high ozone episodes. Each color represents wind intensities as follows: red: 12.5–15
m/s; orange red: 10-12.5 m/s; orange: 7.5-10 m/s; yellow: 4–6 m/s; green: 2–4 m/s;
and blue: 0.5–2 m/s.
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Figure 101: Wind roses for (top left) 11 June, (top right) 12 June, and (bottom center) 13 June
providing details of the percentage (%) frequency of the wind speed from a
direction as recorded at the TCEQ CAMS 12 (UTEP) during the successive low
ozone episodes. Each color represents wind intensities as follows: red: 12.5–15 m/s;
orange red: 10-12.5 m/s; orange: 7.5-10 m/s; yellow: 4–6 m/s; green: 2–4 m/s; and
blue: 0.5–2 m/s.
The observed wind pattern above during both the ozone events suggests that the synoptic
meteorological forcing may be a factor in determining the difference between the high and low
ozone events. Hence, synoptic-scale meteorology was examined during the high and low ozone
episodes. During the high ozone episodes, the wind direction was predominantly from the east and
southeast directions. Analysis of the composites of the 1000 mbar and 750 mbar geopotential
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heights reveals the presence of a high-pressure ridge on the north of the state of Texas during the
four days of high ozone events Figure 102. This is the reason why the high frequency of the winds
during the four successive high ozone episodes was predominantly from the east and southeast
side, as recorded by CAMS 12. It is to be noted that to the north of CAMS 12 are the Franklin
Mountains. However, as observed during the low ozone episodes, the wind direction was mainly
from the west direction. This was due to the passage of a dryline that passed through the region
two days before the low ozone events Figure 103. The dryline is a boundary separating the moist
and dry air masses. It typically comprises of moist air from the Gulf of Mexico coming from the
east direction and the dry and hot desert air coming from the Chihuahua desert region in the
southwest (Parsons et al. 1991). A typical dryline passage results in a sharp drop in humidity,
which was also seen in this case, subsequently clearing the skies and with a wind shift from a south
or southeasterly to a west or southwesterly. Blowing dust and rising temperatures follow,
especially if the dryline passes during the daytime. This is also the reason why higher
concentrations of PM10 were recorded during the low ozone episodes; strong winds from the west
carried the dust particles from the Chihuahua desert region into the ELP–CDJ.
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Figure 102. Radar composite map of 4 June, with 12Z showing the presence of a high-pressure
ridge on the northern part of Texas. Source: National Weather Service’s (NWS)
Weather Prediction Center (WPC) Surface Analysis Archive.

Figure 103. Satellite composite map of 10 June, with 09Z and 12Z showing the arrival and
passage of a dryline through ELP region. Source: National Weather Service’s
(NWS) Weather Prediction Center (WPC) Surface Analysis Archive.
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7.6 ANALYSIS
This was a comprehensive study of how meteorological variables, particularly the Synoptic
and Mesoscale conditions, influence the Ozone Concentrations in the Paso del Norte (PdN)
Region. The central purpose of this work was to create a better understanding of the role that
mesoscale and synoptic-scale weather phenomena play in local El Paso del Norte (Ciudad Juárez,
El Paso, Doña Ana County, NM) air quality, including a thorough characterization of mesoscale
and synoptic-scale winds during the ozone season and high ozone days; identification of critical
relationships between synoptic and mesoscale winds and local meteorology; also the differences
between high ozone days dominated by local effects and those dominated by regional transport of
background ozone.
General meteorological conditions that affect ozone production were reviewed; then
analysis specifically to the PdN region, analyzing all physical and meteorological variables that
impact ozone production were conducted. Subsequently meteorological simulations using models,
e., g., WRF, were performed to aid this analysis. The soundings revealed an air mass that, at best,
was weakly unstable with a convective available potential energy usually less than 500 J/kg. The
air mass was usually dry below 700 mb with the 700 mb to surface layer relative humidity most
often less than 40 percent. The rain was reported at El Paso Airport on 11 of the 34 event days,
which may be associated with the monsoon season. In most cases, the rainfall was light, with
precipitation amounts below 0.05 inches per day.
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Chapter 8: Summary and Conclusions
A major component of this work was deriving, intercomparing and analyzing both the
experimental and modeled seasonal PBL structures for this region. It was shown that during the
summer days PBL as high as 4 km is observed whereas in winter due to insufficient surface heating
and the presence of strong inversion layer restricts the growth of the PBL to around 1 km. On
certain summer days, the PBLH obtained from model was found to be as high as 6 km and the
winter nighttime PBLH was as low as 15 m. Based on the performed comparison, it was discovered
that the model overestimated the daytime PBLH and underestimated the nocturnal boundary layer
heights. The observed discrepancies were mainly attributed to the PBLH definition established by
experimental and modeled calculations.
In one case study, four consecutive high ozone episodes from 4-7 June 2017 were analyzed.
The aerosol layer height, which is also the proxy of the PBL, was lower in height when compared
to some of the low ozone days when the PBL was very high. Analysis of the CAPE values for all
the high ozone days under study indicated higher atmospheric stability, with an exception on only
one day. Under such a stable environment, the vertical mixing of the aerosols is restricted, and
leads to the accumulation of the pollutants. Weak winds blowing within the limited volume of
atmosphere available within the boundary layer result in poor ventilation conditions, causing
accumulation of precursors in the region, leading to high ozone episodes.
The complex topography of the region plays a significant role in enhancing the regional
pollution episodes especially along the (central valley) foothills of the Franklin and Juárez
mountains. It does so by creating a regional mesoscale synoptic pattern. In this study it was found
that the uneven heating especially during the summer aided anabatic and katabatic wind flows
which contributed to the pollutant accumulation in the central valley where downtown of both the
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cities are located. The PBL was also affected by the presence of the mountains especially in the
central valley than the adjacent lower valley located far away from the mountains in a flat terrain.
Most high ozone days occurred when El Paso was located within an anticyclonic
circulation aloft associated with a middle and upper tropospheric high-pressure area centered
within 500 miles of the city. Usually, the high-pressure center was located to the west or north of
El Paso. This suggests large scale subsidence or sinking motion was frequently present over the
area, which tends to trap pollutants. In the lower troposphere, including the surface, the pressure
gradient was weak, and thus winds were generally light at less than 10 mph. Temperatures were
usually near or above normal to El Paso and most often above 90 F, consistent with most high
ozone events occurring during June, July, and August, which are the warmest months of the year.

SELECTED DISCUSSION FROM THE CASE STUDY
Analysis of the daily ozone peak at different CAMS stations during the high ozone episodes
revealed that CAMS 12 and CAMS 41 had higher values of daily ozone peak compared to the
CAMS 37 and CAMS 49, both located further to the south-east (downwind) direction of the
downtown ELP. The topography of the region indicates that ELP-CDJ region has lower elevation
compared to the surrounding area, and this trend continues along the Rio Grande basin. This
dispersion may allow higher accumulation of ozone in the downtown and neighboring region
compared to other parts during the night. However, this hypothesis requires further in-depth
analysis, and it is beyond the scope of the present work. The contribution of the ozone from the
residual layer into the convective boundary layer is beyond the scope of this work but deserves
special future attention.
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The slow growth in the PBLH in the morning and calm winds during daytime made a significant
contribution to the occurrence of high ozone episodes. This observation agrees with the
observations of field data reported by some previous studies. In all recorded high ozone events,
the wind direction and speed played a significant role. During the high ozone concentrations, the
wind speed was low, and the converse held. This validates the well-known inverse proportionality
relationship between the ground-level ozone concentrations and wind speed. No strong correlation
between the modeled (WRF and HYSPLIT) daytime PBLH peak and ozone concentration peak
was observed during this study. Lower MLH implies less volume available for the pollution
dispersion and lower vertical mixing. Presence of clouds around 5 km vertical height can be seen
more distinctly on June 6th and June 7th. Conversely, deeper MLH during the three consecutive
low ozone events, implies that the larger volume available due to the entrained air from aloft for
the ozone and its precursors for dispersion led to the dilution of ozone concentration. Strong winds
ensured that the existing pollutants such as ozone and VOCs are dispersed out from the region
(hence a drop in their concentration), the winds, however, bringing in dust from the Chihuahua
desert. A high peak in the PM10 concentration was recorded on June 11th late afternoon and can
also be noticed in the form of a strong backscattering signal on the ceilometer aerosol backscatter
profile.

FUTURE WORK
The results of this study highlighted the importance of having a continuous boundary layer
monitoring in ELP-CDJ. This can be achieved using aerosol backscattered profiles from a remote
sensing instrument like a ceilometer in addition to models’ simulations using HYSPLIT and WRF.
This study results also provides a better understanding of the aerosol transport, especially during
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the synoptic scale frontal passages. The contribution of the PBL, winds, and synoptic scale
meteorology on the building up of ozone and aerosol concentrations in this region was successfully
achieved. The agreement between the modeling and measurements supports the neglect of the
effects of complex terrain for this study. However, the author recognized that in further studies,
the effect of the complex terrain needs to be addressed for this region.
Future plans for the author are to continue working on the TCEQ projects and assist in
establishing a robust ceilometer network in this region. All the data collected from these
ceilometers will be stored and processed on the inhouse server at UTEP. The primary goal of
having a ceilometer network in the region will allow the automation of synoptic observations, more
accurate determination of the PBLH over the entire El Paso area and more accurate remote sensing
of the regional aerosol distribution including the ash from the nearest wildfires. Having a regional
ceilometer network will not only strengthen more accurate regional PBLH retrieval but also can
be used for studying the optical properties of the aerosols such as aerosol backscattering coefficient
(β) in a quantitative way. Having ceilometers installed along the bank of the Rio Grande which is
also the usual path of the up and down winds can help in validation of the various transport models
specifically for this region using the aerosol backscattering profile. It will also help in improving
the forecasts of the dispersion of the aerosol layers along with the help of the wind profiles. This
network can also be beneficial for all the purposes mentioned above, however, maintaining the
ceilometers will be an equally crucial task to maintain quality control, their calibrations, ensuring
overlap corrections, cleaning of the transmission window of the telescope of the instrument, data
management, storage, and interpretation.
During his doctoral research, the author published (authored/co-authored) four journal
articles on topics related to his dissertation. There are three possible future publications that can
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result from different chapters of this dissertation. The author intends to work towards publishing
these articles using his research in chapter 3, 4, 6 and 7.

145

A note to the publisher
In this work, the author has extensively used materials from his published article
“Investigation of the Successive Ozone Episodes in the El Paso–Juárez Region in the Summer of
2017” in Atmosphere 2020, 11, 532. This article in MDPI is published using a Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/), which allows the
author to retain their copyright. The license also allows materials to be reused if they are
appropriately referenced and cited.
The author also used some sections from the two TCEQ project reports namely “Analysis
of Mesoscale and Synoptic Scale Meteorological Influences on Ozone” and “Planetary Boundary
Layer Studies in the El Paso Region- Ceilometer Operation and Maintenance” that he authored
during his doctoral research.
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National Ambient Air Quality Standards
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El Paso Juárez airshed
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Paso del Norte
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Planetary Boundary Layer
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Planetary Boundary Layer Height
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Convective Boundary Layer
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RL
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TCEQ

Texas Commission on Environmental Quality
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